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A Volunteer Army for Science 


LATE LAST YEAR, PRESIDENT OBAMA ANNOUNCED AN “EDUCATE TO INNOVATE” CAMPAIGN TO INCREASE 
the engagement and performance of America’s students in science, technology, engineering, 
and mathematics (STEM). The United States has more than a million scientists and engineers 
over 60 years of age with bachelor’s degrees or higher, and nearly 600,000 doctoral students 
and 50,000 postdoctoral trainees in STEM fields. Existing volunteer programs prove that if the 
government were to dedicate new federal resources, tens of thousands of volunteers could be 
recruited from these groups and trained to help the United States achieve its national goals. 

There are several successful models of programs that bring STEM volunteers into U.S. 
schools, from early to pre-college stages [kindergarten through grade 12 (K-12)]. In the early 
1990s, government funds were used to help form two programs that allow senior scientists 
and engineers to assist teachers. Retirees Enhancing Science Education through Experiments 
and Demonstrations (RE-SEED), centered at Northeastern Univer- 
sity, operates a middle-school program in the Boston area in addition 
to training volunteers in other locations. Teaching Opportunities for 
Partners in Science (TOPS) is led by the San Joaquin County Office of 
Education in California and targets elementary schools in five northern 
California counties. Both programs require volunteers to participate for 
an entire school year and commit a few hours a week. TOPS and RE- 
SEED have served as examples for more recent programs: the Senior 
Scientists and Engineers Volunteer Program of the American Associa- 
tion for the Advancement of Science (SSE/AAAS); the Maine School 
Science Volunteers; and RE-SEED of Silicon Valley, California. Other 
volunteer programs utilize seniors at different levels of commitment.* 

Volunteer programs based in universities recruit younger STEM 
volunteers: graduate students, postdoctoral fellows, researchers, and 
students from science-based professional schools. The Science and 
Health Education Partnership (SEP) at the University of California, San Francisco (UCSF), 
which began in 1987, works with the San Francisco Unified School District and involves about 
100 ofits 115 schools. A major component of the program is classroom support, with more than 
250 graduate students contributing over 8000 hours annually. Similar programs exist at many 
other U.S. universities.* In addition, the U.S. National Science Foundation’s GK-12 Fellowship 
Program has, for the past 11 years, provided financial support to nearly 6000 graduate students 
in science and engineering, each of whom spends up to 15 hours a week in local science class- 
rooms as part of their fellowship obligation. 

A key element of all these programs is dedicated leadership. A successful program 
requires a leader who recruits volunteers and teachers, delineates program expectations, 
provides support and training for volunteers, and assists partnerships when challenges 
arise. The training of volunteers is critical. An unprepared scientist who engages with stu- 
dents may do more harm than good, talking over the heads of the students and intimidating 
them. As an example, in the SEP/UCSF program, volunteers take a course that introduces 
inquiry-based science teaching, classroom and materials management, research-based 
teaching strategies, and lesson planning.t 

Current volunteer programs rely on a mix of resources. To grow this effort, it is critical 
that the Educate to Innovate initiative include competitively awarded federal funding for such 
volunteer programs. A cost of $100,000 per year is a rough estimate for a program with 100 
volunteers. For every $1 million spent on these programs, about 100,000 hours of classroom 
support could be provided, thereby harnessing a vastly underutilized resource for the benefit of 
K-12 science students. The White House has inspired volunteer scientists and engineers with 
its Educate to Innovate initiative. Now the Administration must provide the resources needed 
to help them succeed. — Donald G. Rea and Katherine M. Nielsen 


10.1126/science.1194900 


*www.seniorscientist.org. thttp://biochemistry.ucsf.edu/programs/sep/workshops-and-classes-teaching-workshops.html. 
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Familial DNA Testing Scores 
A Win in Serial Killer Case 


A quarter-century of conventional detective 
work failed to track down the killer responsi- 
ble for the deaths of at least 10 young women 
in south Los Angeles dating back to the mid- 
1980s. But a discarded piece of pizza and a 
relatively new method of DNA testing has 
finally cracked the case, police announced 
last week. On 7 July, L.A. police arrested 
Lonnie Franklin Jr., 57, a former garage atten- 
dant and sanitation worker they suspect is the 
serial killer nicknamed the “Grim Sleeper.” 
Since 2008, California has allowed 
so-called familial DNA searches, in which 
investigators look for close but not exact 
matches between DNA evidence collected 
at crime scenes and the state’s data bank of 
DNA collected from 1.3 million convicted 
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—— 
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felons. The method has a longer history in the 
United Kingdom, where it led to a conviction 
in a murder case in 2004. In Colorado, the 
method led to a guilty plea in a car-theft case 
in Denver last year. 

The high-profile Grim Sleeper case may 
encourage other states to adopt familial 
DNA searches, but the method raises con- 
cerns about privacy and ethics, say some 
legal scholars. “It’s hard not to celebrate 
when an alleged serial killer is caught, but 
getting carried away based on glamorous 
cases like this one is a real mistake,” says 
Erin Murphy of the University of California, 


Berkeley, School of Law. 

Last week, Science spoke with two scien- 
tists involved with the DNA search, senior 
criminalist Steven Myers and case-work lab- 
oratory manager Gary Sims, both based at 
the Jan Bashinski DNA Laboratory in Rich- 
mond, California. They explained that the 
searches initially focus on 15 regions of DNA 
on 13 chromosomes. These regions contain 
genetic stutters called short tandem repeats, 
in which a pattern of base pairs repeats itself 
over and over. The number of repeats var- 
ies from person to person, and two people 
who are related are likely to have the same 
number of repeats at more of these sites. The 
lab’s analysis also considers how frequently 
a given variation occurs in the general popu- 
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Proud of their work. A famil- 
ial DNA search by forensic sci- 
entists in California led to the 
arrest of Lonnie Franklin, the 
suspected Grim Sleeper killer. 


lation: two people who share a rare variation 
are more likely to be related than are two 
people who share a common one. 

Sims and Myers explained that the lab’s 
software uses this information to generate 
a ranked list of the convicted felons in the 
DNA database who are most likely to be first- 
order relatives—parents, children, or full 
siblings—of the person a DNA sample came 
from. (They say the statistics aren’t strong 
enough to identify more distant relatives, 
who share a quarter or less of their DNA.) 
When both individuals in question are male, 
the lab also looks at a similar number of short 


Linchpin of 


an overfished 
ecosystem 


tandem repeats on the Y chromosome, which 
should be an exact match between fathers and 
sons and between full brothers. 

A 2008 search with DNA evidence from 
the Grim Sleeper crime scene came up empty. 
But a second search in April 2010 did turn 
up a potential match: a young man named 
Christopher Franklin who was convicted last 
year on a felony weapons charge. The DNA 
search along with the dates of the murders cast 
suspicion on Christopher Franklin’s father. 
After an internal review of the overall case, 
investigators at the Bashinski lab notified 
the L.A. police, who followed the elder 
Franklin and eventually got a DNA sam- 
ple from a discarded piece of pizza. Lonnie 
Franklin’s DNA matched DNA from the 
crime scenes, and police arrested him at his 
home last week. Sims says the lab is proud of 
its work. “To put this whole thing together ... 
and see it pay off is very gratifying,” he says. 
“Nobody popped champagne bottles or any- 
thing like that, but we all feel like we earned 
our pay.” 

“T think it’s great that this tool was used 
to catch this defendant,” says Hank Greely of 
Stanford Law School. But he cautions that the 
method does have downsides. His research 
suggests that in a database with DNA from 
a million individuals, hundreds or even thou- 
sands of people might have a close enough 
match to suggest a blood relationship, depend- 
ing on the strictness of the test and the rarity of 
the genotypes being tested. If those matches 
cast suspicion on innocent people, the bur- 
den would fall disproportionately on African 
Americans, who are overrepresented in the 
U.S. prison population. “It does raise some 
concerns about discrimination,” he says. 

For Murphy, these and other costs out- 
weigh the benefits. “We ina free society work 
on the premise that you have a right to go 
about your business without answering ques- 
tions from the government unless they have 
reason to suspect you of an offense,” she says. 
In her view, familial DNA testing upends that 
assumption because people can become the 
target of an investigation solely by virtue of 
sharing DNA with someone in the database. 

Privacy and fairness are also concerns, 
she says. “It’s sending a message to the rela- 
tives of convicted people that their privacy is 
less valuable somehow than that of other law- 
abiding citizens,’ Murphy says. “That, to me, 
is not worth the price.” -GREG MILLER 
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BIOSECURITY 


New Biosecurity Rules to Target 
The Riskiest Pathogens 


Ever since the Federal Bureau of Investigation 
(FBI) implicated U.S. Army researcher Bruce 
Ivins in the 2001 anthrax letter attacks, U.S. 
scientists have been nervously anticipating 
tighter regulations for research involving dan- 
gerous pathogens and toxins. But an executive 
order issued by President Barack Obama ear- 
lier this month indicates that the regulations on 
these so-called select agents may actually end 
up more streamlined and less burdensome. 

The 2 July order from the White House 
says that the government will put the most 
dangerous of the 82 items currently on the 
select-agent list into a high-risk category and 
consider reducing the number of agents on 
the overall list. The high-risk category, Tier 1, 
would potentially be subject to tougher secu- 
rity standards than before, including greater 
physical security and more rigorous screening 
of researchers. The remaining select agents 
could require lesser security measures than 
now. The government will also harmonize 
rules across funding agencies. 


The move is “the result of an 
effort to strike a balance between 
security and science,” says Peter 
Emanuel, who helped draft the 
order as assistant director of chem- 
ical and biological countermea- 
sures at the White House Office 
of Science and Technology Policy. 
“The order is consistent with what 
the scientific community has been 
calling for all along,” says Kavita Berger of 
the AAAS Center for Science, Technology 
and Security Policy. 

The two departments responsible for over- 
sight of the select-agent program—Health 
and Human Services and Agriculture—will 
decide over the next 18 months which items 
end up in Tier 1. “Right now, for something 
to be considered a select agent, its impact 
on public health is the primary determi- 
nant,” says Emanuel. Several additional fac- 
tors will now be taken into account, he says, 
such as the ease with which an agent could 


Grading by risk. The government will require tougher security 
measures for a select group of bioagents. 


be turned into a weapon, how quickly medi- 
cal countermeasures could be implemented, 
and available intelligence on whether terrorist 
organizations might be actively pursuing that 
particular pathogen or toxin. For example, the 
lack of effective countermeasures against the 
Marburg virus would make it a higher security 
risk than unmodified anthrax, for which vac- 
cines and treatments are available, according 
to a government report that helped inform the 
executive order. 

As for enhancing physical security for 
Tier | agents, “many labs already have very 


BIOETHICS 


U.S. Panel Weighs Guidelines for Synthetic Biology 


Last week, the United States began the highest 
review to date—in the president’s bioethics 
commission—of problems that could come 
out of the young field of synthetic biology. 
Some scientists who spoke at the meeting 
in Washington, D.C., on 8 to 9 July warned 
that the growing ease of manipulating DNA 
in living organisms could spawn new patho- 
gens and ramp up the risks of bioterrorism. 
Close oversight is needed, they said; others 
worried that new rules could stifle research. 
The commission will take a “deep dive” into 
the subject before coming back with advice 
by the end of this year, said University of 
Pennsylvania President Amy Gutmann, who 
co-chairs the panel with Emory University 
President James Wagner. 

The impetus for the meeting was a May 
report in Science in which researchers from 
the J. Craig Venter Institute added a syn- 
thetic genome to a bacterial cell and got the 
cell to replicate using the new DNA (Science, 
21 May, p. 958; 2 July, p. 52). The day the 
paper was published, President Barack Obama 
asked his new bioethics commission to spend 
6 months examining the implications of this 


and other kinds of synthetic biology. The 
decade-old field includes less controversial 
efforts, for example, tinkering with combina- 
tions of genes in cells to create biological cir- 
cuits (Science, 9 January 2004, p. 158). 

The 13 panelists struggled to grasp what 
is new about synthetic biology. Witness 
Bonnie Bassler, a molecular biologist at Princ- 
eton University, claimed to see only a “slight” 
novelty compared with what researchers have 
been doing for 50 years. She decried the hype, 
especially Venter’s “misleading title claiming 


Total immersion. Bioethics panel co-chairs Amy 
Gutmann and James Wagner are leading a 6-month 
review of potential future biohazards. 


creation of a bacterial cell,’ which she said 
has “unnecessarily alarmed people.” 

But Venter himself told the commission 
that synthetic biology is “very different from 
what’s happened before” because it is now 
relatively easy to build large pieces of DNA 
from digital code and a DNA synthesizer. 
This changes the rules, Venter and other 
witnesses said, because it puts the ability to 
make the DNA of dangerous (but not rep- 
licating) microbes within the reach of stu- 
dents and amateurs. 

The discussion was murky on whether syn- 
thetic biology requires a new oversight frame- 
work. As many noted, existing guidelines 
cover federally funded research on recombi- 
nant DNA, and strict laws control research on 
select agents, or pathogens that could poten- 
tially be used as bioweapons. These rules 
are being extended to synthetic biology. But 
Venter and others advocate at least one major 
change—to make mandatory a voluntary pro- 
gram in which companies now screen DNA 
orders for sequences of select agents to spot 
potential bioterrorists. 

There is a gap in the system, however: 


16 JULY 2010 VOL329 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDITS (TOP TO BOTTOM): JAMES GATHANY/CDC; PROVIDED BY PRESIDENTIAL COMMISSION FOR THE STUDY OF BIOETHICAL ISSUES 


Downloaded from www.sciencemag.org on July 15, 2010 


sophisticated security systems like biomet- 
ric devices for allowing access,” says Carol 
Linden, principal deputy director of the Bio- 
medical Advanced Research and Develop- 
ment Authority and co-chair of the report that 
the executive order is based on. What’s needed 
now are uniform standards, she says. 

The screening and monitoring of research- 
ers working with Tier 1 agents may be a trick- 
ier issue. The report issued by Linden’s panel 
recommends enhancing the vetting process for 
all researchers who work with select agents, 
including a security check every 3 years 
instead of the current five. Another recom- 
mendation is to do a better job of checking the 
criminal histories of foreign nationals through 
cooperation with police agencies overseas. 
Yet another is to clarify how to identify mental 
health problems that could lead to potentially 
criminal or unsafe behavior in the lab. 

Researchers have long noted that the select- 
agent rules have proved a barrier in certain 
key sectors of public health research such as 
vaccine development; if the list is shortened, 
as the executive order suggests, more talent 
may be attracted to these fields, says David 
Relman, a biologist at Stanford University in 
Palo Alto, California. 

-YUDHIJIT BHATTACHARJEE 


CREDIT: DREW TITMARSH/AUSTRALIAN INSTITUTE FOR BIOENGINEERING & NANOTECHNOLOGY 


Researchers with no federal funding, called 
“garage” biologists or “do-it-yourselfers” by 
several witnesses, aren’t necessarily covered. 
Stanford University engineer Drew Endy 
proposed a citizen biosafety review process, 
comparing the situation to self-regulation by 
amateur radio operators. Harvard University 
synthetic biologist George Church argued 
for “licensing and surveillance” of synthetic 
biology labs. 

At several points, Harvard Medical 
School geneticist and panel member Raju 
Kucherlapati noted the “déja vu” tenor of 
concerns, similar to those first aired about 
recombinant DNA technology 35 years ago. 
Indeed, the ground seemed very well-worn in 
discussions of the ecological risks of releasing 
a synthetic organism into the environment. 

The panelists heard a variety of recom- 
mendations: for a moratorium on deliberate 
releases, for a White House—level office to 
oversee synthetic biology, and for more fund- 
ing for the field. 

The commission will hold two more 
meetings in September and November, said 
Gutmann. She told Science that any sugges- 
tion that the panel favors new regulations is 
“totally unfounded.” -JOCELYN KAISER 
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Scientists Eulogize Center— 
And Prepare for Stiff Competition 


MELBOURNE, AUSTRALIA—The death knell 
has rung for the Australian Stem Cell Cen- 
tre (ASCC). Without fanfare, the Australian 
government has omitted the embattled outfit 
from its 2011 budget, which will force ASCC 
to close next June. The center’s federally- 
funded budget of $9.7 million per year will 
be replaced with two programs that together 
will spend about $3 million a year on stem 
cell projects. 

The moves will hamper Australia’s ability 
to compete in a hot research field, 
some scientists claim. “It’s a step 
backwards. Internationally, we’re 
falling further behind,” says Melissa 
Little, a former ASCC chief scien- 
tific officer now at the University of 
Queensland, St. Lucia. 

A consortium led by Alan 
Trounson, now president of the 
California Institute for Regener- 
ative Medicine, founded ASCC 
in 2002. Trounson left ASCC the 
next year amid disagreements over 
the center’s emphasis on com- 
mercialization. Tensions culmi- 
nated in 2008 with the dismissal 
of CEO Stephen Livesey and the 
resignation of the entire governing 
board (Science, 24 October 2008, 
p. 524). In July 2009, ASCC released a new 
business plan with a more academic bent and 
last month showcased fresh results at a con- 
ference in New South Wales. “Some really 
great research programs have emerged,” 
says Martin Pera, a former chief of embry- 
onic stem cell research at ASCC who is now 
director of the Eli and Edythe Broad Center 
for Regenerative Medicine and Stem Cell 
Research at the University of Southern Cali- 
fornia in Los Angeles. 

The turnaround was not enough to 
repair ASCC’s tarnished image in the gov- 
ernment’s eyes. Government funding “was 
always intended to conclude in June 2011,” 
science minister Kim Carr told Science. 
With ASCC’s funding slated to run out in 
June 2011, the government has unveiled 
two programs intended to throw researchers 
a lifeline. The Australian Research Council 
will offer a 7-year stem cell research ini- 
tiative funded at $2.6 million a year. And 
the National Health and Medical Research 
Council will kick in $400,000 a year for 
5 years for a regenerative medicine program 


Published by AAAS 


that will target translational research. 

One big criticism of the new programs is 
that only university scientists are eligible to 
apply. That cuts out of the action two lead- 
ing stem cell centers: the Walter and Eliza 
Hall Institute (WEHI) of Medical Research 
here and the Victor Chang Cardiac Research 
Institute in Sydney. “We’re not likely to get all 
the skills we need if half the people are disen- 
franchised,” laments WEHI Director Douglas 
Hilton. Another concern is that there may 


Scientific legacy. Collaborations forged by ASCC produced this 
tiny stem cell bioreactor. 


be little left over from the new funds to sup- 
port ASCC-style patient outreach. It would 
be a “tragedy” to let ASCC “die on the vine,” 
says Humphrey Firkins, a Queensland-based 
patients’ advocate who suffers from inclusion 
body myositis, a rare muscle disorder. ASCC’s 
outreach, he says, enabled patients to avoid 
expensive trips abroad. 

Scientists are hoping that state govern- 
ments, universities, and CSIRO, Australia’s 
national science agency, will ride to the res- 
cue with additional stem cell funds. In the 
meantime, researchers have begun assem- 
bling grant proposals—and eulogizing 
ASCC. “The ASCC brought engineers and 
biologists together,” says Peter Gray, director 
of the Australian Institute for Bioengineer- 
ing and Nanotechnology at the University 
of Queensland. His group teamed up with 
ASCC’s Susie Nilsson and David Haylock, 
now at CSIRO, to create miniature stem cell 
bioreactors. This kind of collaboration, says 
Haylock, “is the legacy of the ASCC.” 

—-ELIZABETH FINKEL 
Elizabeth Finkel is a writer in Melbourne. 
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ANTHROPOLOGY 


Probing Culture’s Secrets, 
From Capuchins to Children 


LONDON—Scientists once designated cul- 
ture as the exclusive province of humans. 
But that elitist attitude is long gone, as evi- 
denced by a recent meeting’ here on how 
culture, usually defined as the passing on 
of traditions by learning from others, arises 
and changes. The 700 attendees, a mixture 
of researchers and members of the public, 
heard talks on cultural transmission in fish, 
meerkats, birds, and monkeys, as well as 
in extinct and living humans. Researchers 
probed questions such as what sparks cul- 
tural trends and how complex traditions 
are transmitted, and most agreed that stud- 
ies of both animals and children will pro- 
vide important clues. “The field of cultural 
evolution ranges from fish to humans and 
includes child development,” says meeting 
co-organizer Andrew Whiten, a psycholo- 
gist at the University of St. Andrews in the 
United Kingdom. 

But why do certain cultural trends, such 
as fashions, begin and catch on? Even sci- 
ence finds it hard to answer that question. 
At the meeting, anthropologist Susan Perry 
of the University of California (UC), Los 


“Culture Evolves, 28-30 June, London, sponsored 
by the Royal Society and the British Academy. 
See www.cultureevolves.org. 


Angeles, described her team’s work observ- 
ing white-faced capuchin monkeys since 
the early 1990s at several sites in Costa 
Rica. The monkeys have adopted a number 
of local traditions, some directly related to 
foraging for food, such as either cracking or 
rubbing woody capsules of Luehea fruits to 
get out their seeds. But other traditions have 
no clear survival purpose, such as sniffing 
each other’s fingers and inserting them into 
a companion’s nose, or biting offa big chunk 
of another monkey’s fur and holding it in the 
mouth while he or she playfully tries to get 
it back. Although foraging traditions tend to 
be long-lasting, Perry has found that, per- 
haps like some human fashions, these more 
mysterious capuchin trends tend to last only 
about 10 years or so before fading. 

In one group of capuchins, the team’s 
long-term observations have allowed them 
to witness a rare event: the emergence of a 
new tradition. In what Perry calls a “bizarre” 
and “high-risk” ritual, the monkeys poke 
each other’s eyeballs. One monkey will 
insert his or her long, sharp, dirty fingernail 
deep into the eye socket of another animal, 
between the eyelid and the eyeball, up to 
the first knuckle. In videos Perry played for 
the meeting, the monkeys on the receiving 


Love hurts. Some capuchin monkeys may test their 
social bonds by poking each other in the eye. 


end of the fingernail, typically social allies, 
could be seen to grimace and bat their eye- 
lids furiously (as did many members of the 
audience) but did not attempt to remove the 
finger or otherwise object to the treatment. 
Indeed, during these eye-poking sessions, 
which last up to an hour, monkeys insisted 
on the finger being reinserted if it popped 
out of the eye socket. 

Why would the monkeys do something 
potentially dangerous? Perry suggests that 
capuchins, which, like humans, are highly 
cooperative and live in large groups, use 
this apparently pain-inflicting behavior to 
test the strength of their social bonds. Back 
in the 1970s, evolutionary biologist Amotz 
Zahavi of Tel Aviv University in Israel sug- 
gested that some animals engage in cer- 
tain behaviors to solidify alliances, and 
researchers have observed some examples. 
For example, some male baboons will hold 
each other’s testicles before teaming up to 
fight higher-ranking individuals, apparently 
to establish trust before going into battle. 

When it comes to the capuchins, “this is a 
plausible hypothesis,” Whiten says, especially 
because more functional explanations do not 
seem to explain the eye poking. Nevertheless, 
Whiten adds, “it is difficult to test directly.” 

Perry notes that capuchin behaviors such 
as eye poking and cracking fruit capsules 
are true traditions, but they don’t ratchet up 
into the kinds of complex culture prevalent in 
every human society, from language to litera- 
ture to sophisticated technology. Animal tradi- 
tions lack this cumulative cultural evolution. 

How do humans wind up the cultural 
ratchet? At the meeting, Derek Lyons, a 
developmental psychologist at UC Irvine, 
presented new data on a phenomenon in 
young children that he and others think 
may be key to humans’ faithful transmis- 
sion of complex culture: “overimitation,” or 
the tendency to copy the actions of an adult 
even when they are unnecessary for achiev- 
ing a goal. No other animal has been shown 
to copy in this way, Lyons and others say. 

Lyons’s work builds on a landmark 
2005 study by Whiten and primatologist 
Victoria Horner, now at Emory University 
in Atlanta. They demonstrated that when 
young chimpanzees and children are shown 
how to retrieve a reward from a box using 
a series of both relevant and irrelevant 
steps, the chimps skipped the unnecessary 
steps, whereas children tended to imitate 
everything. Recent work by another team 
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suggests that overimitation is universal in 
human children (http://news.sciencemag. 
org/sciencenow/2010/05/kids-overimitate- 
adults-regardle.html). Lyons and his co- 
workers reported further work in 3- to 
5-year-old children in 2007 in the Proceed- 
ings of the National Academy of Sciences. 
For example, children were shown how to 
retrieve toy turtles from transparent plas- 
tic containers using irrelevant steps such as 
tapping the container with a feather and rel- 
evant steps such as opening the container’s 
door. The children continued to overimi- 
tate even when they were led to believe that 
the experiment was over or when they were 
explicitly told to avoid “silly” extra steps. 
Why do children do this? In London, 
Lyons played a new series of videotaped 
experiments with children of the same ages 
in which he attempted to, as he put it, “snap 
them out of” their overimitative tenden- 
cies. In one experiment, a puppet orang- 
utan named Felix, stationed at an opening 
on the other end of the box, competed with 
the children to see who could get the toy tur- 
tle out of the box first. Again, Lyons showed 
each child how to get the turtle while mix- 
ing in irrelevant actions such as tapping 
the box and pushing unnecessary levers. 
The children, who could not see what Felix 


From the Science 
Policy Blog 


In one of the final chapters of the con- 
troversy over the stolen e-mails from 
climate scientists, an independent panel 
has mostly cleared researchers at the U.K.’s 
University of East Anglia (UEA) of scientific 
malfeasance. The panel, led by Muir 
Russell (right), declared their “rigour and 
honesty as scientists ... not in doubt.” 
http://bit.ly/UEAclimate 


Even so, the panel criticized the climate scientists for failing to show 


was doing, continued to perform most of 
Lyons’s irrelevant actions, even when Felix 
kept winning and getting the turtle. 

The only way to avoid overimitation, 
Lyons found, was to convey that one of his 
actions was unintentional. When he pre- 
tended to get a call from his mother on his 
cell phone and “accidentally” flipped a use- 
less lever while gesturing during the sup- 
posed conversation, the children did not flip 
that lever. 

These findings are inconsistent with ear- 
lier hypotheses that children overimitate to 
please adults, Lyons said. Rather, he con- 
cluded, they support something he called 
“automatic causal encoding” (ACE), in 
which a child assumes that the adult knows 
what he or she is doing and that each step 
in the procedure is necessary. “ACE is an 
important mechanism kids use to boot- 
strap their knowledge of complex artifacts,” 
he says. Archaeologist Dietrich Stout of 
Emory University, who studies prehis- 
toric toolmaking, says ACE may have been 
important for the cultural transmission of 
stone-tool technologies in early hominins. 
“Certain things, like the internal workings 
of the plastic box or the precise force with 
which to hit a stone core, are not directly 
available to the observer,” Stout says. He 
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False moves. Young children trying to get a toy out 
of this box will “overimitate” adults. 


agrees with Lyons that such a strategy is “a 
logical approach when confronted with a 
complicated, unfamiliar artifact.” 

Uta Frith, a cognitive neuroscientist at 
University College London, concurs. “This 
is an example of actions for which we cannot 
see rhyme or reason but which we believe 
are important and relevant to us,” Frith says. 
“T am persuaded that this is the secret of the 
evolution of human culture.” 

—-MICHAEL BALTER 


Science|lnsider 


questions humanity’s role in climate change, said the 

panel erred by not interviewing leading skeptic blogger 

Steven Mcintyre. And Kevin Trenberth, a stalwart among 

the climate mainstream, said the report, ordered by UEA, 

should have had a broader mandate to criticize how quotes from the 
e-mails were taken out of context. http://bit.ly/christymerit and 
http://bit.ly/trenberthreview 


The European Union’s 27 member states were poised to decline a 
request from the European Commission, the union's executive body, to 
provide extra money to cover cost overruns for the €16 billion ITER 
fusion reactor project. The commission must now figure out how to 
find the extra money, a tall order in a region already reeling from the 


global financial crisis. http://bit.ly/iter-funding 


sufficient openness in their dealings with outside critics. The research- 
ers had complained that it took too much time to respond to requests 
for information, official or otherwise, and that the results, in most cases, 
were used to misrepresent their work. But one scientist told Science- 
Insider that researchers should have regular, “built-in transparency” to 
their data, which could “actually save time” by making responding to 
requests easier. “That comes with the added benefit of retaining [public] 
trust in the science of climate change,” he said. 
http://bit.ly/climateopen 


Meanwhile, the report came under fire by scientists on both ends of 
the ideological spectrum. Respected climate scientist John Christy, who 
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After getting spurned in its controversial effort to offer a science prize, 
the regime controlling Equatorial Guinea has inked a deal to host an 
African Union “science observatory.” http://bit.ly/eguineaobserve 


In an effort to boost climate science, the Chinese government has 
announced funding for 19 major projects to develop China's earth 
system models, an investment of roughly $82 million. 
http://bit.ly/chinaclimate 


For more science policy news, visit 
news.sciencemag.org/scienceinsider. 
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ECOLOGY 


How a Little Fish Keeps Overfished Ecosystem Productive 


From a food-web perspective, jellyfish are 
typically considered a dead end. Few organ- 
isms are thought to eat them, so they tend to 
sink to the ocean bottom, where they slowly 
decay, their carbon and energy wasted. But 
off the coast of southwest Africa, researchers 
have discovered that a small fish called the 
bearded goby feasts on jellies, and in doing 
so, helps to sustain seabirds, mammals, and 
larger fish in that ecosystem. On page 333, 
they describe this fish’s unusual lifestyle, 
which includes hiding out on the muddy sea 
floor in water toxic to other fish. “An interest- 
ing and counterintuitive new food web [was] 
created by the [recent] jellyfish bloom,” says 
Roberto Danovaro of the Polytechnic Univer- 
sity of Marche in Ancona, Italy. “Certainly 
similar mechanisms are happening in many 


Caught together. Most fish avoid jellyfish, but not the bearded goby, which 


hides in and eats them. 


places, likely as a result of the ecosystem 
shift[s] related to global change and direct 
anthropogenic impacts.” 

Until the 1970s, this 9000-square- 
kilometer region off the coast of Namibia 
was a rich fishery, particularly for sardines. 
It’s the site of the northern Benguela upwell- 
ing, where deeper, nutrient-rich water peri- 
odically flows coastward, promoting the 
growth of plankton. Filter-feeding sardines 
kept the plankton under control, but as over- 
fishing depleted the sardine stocks, dying 
plankton sank to the bottom and decayed, 
using up almost all of the oxygen in the water 
and creating a so-called dead zone. Jellyfish 


gorged on the now-abundant plankton, and 
their numbers exploded. 

At the same time, the numbers of bearded 
goby, Sufflogobius bibarbatus, a big-headed 
fish that grows to about 13 centimeters, 
increased. With sardines gone, the goby 
became the main prey of the hake and horse 
mackerel, as well as food for seabirds, pen- 
guins, and seals. Mark Gibbons of the Uni- 
versity of the Western Cape in Cape Town, 
South Africa, and his colleagues were curi- 
ous about how the goby is able to thrive 
in such an inhospitable ecosystem. They 
recruited two goby experts, Anne Utne- 
Palm and Anne G. V. Salvanes of the Uni- 
versity of Bergen in Norway, to help make 
sense of this little fish. 

Gibbons, Utne-Palm, Salvanes, and a 
cadre of students 
did a series of field 
and lab studies of 
the goby’s habits 
and habitat. They 
also characterized 
the water column, 
assessing the oxygen 
content and amount 
of hydrogen sulfide 
at various depths. 
“The various ele- 
ments combine to tell 
a compelling story,” 
says Andrew Brier- 
ley, a marine ecolo- 
gist at the University 
of St. Andrews in 
the United Kingdom. 

Most of the 
region’s sea bottom 
is covered by a thick 
mud rich in hydro- 
gen sulfide and the 
bacteria that utilize this toxic gas. Little life 
exists in the bottom 20 to 60 meters of water, 
where oxygen levels are less than 10% of 
the expected level. The goby’s predators, for 
example, can’t survive there. 

But echo soundings and trawling over 
a 24-hour period indicated that’s where the 
gobies hang out during the day, Gibbons, 
Utne-Palm, Salvanes, and their colleagues 
report. Tests in aquaria with low levels of 
oxygen showed that these fish stop pump- 
ing water and oxygen over their gills in this 
hostile environment, in a sense holding their 
breath. Then at night, they ascend to where 
oxygen levels are higher, catch up on their 


breathing, and spend time with jellyfish and 
other organisms. 

Many fish, including one of the goby’s 
predators, the horse mackerel, avoid jelly- 
fish. But fishers find jellyfish associated with 
bearded goby six times more frequently than 
other fish, says Utne-Palm, and in the lab, 
gobies frequently hang out among a jelly- 
fish’s tentacles or on its bell. She thinks by 
swimming among the jellyfish, the goby 
shields itself from potential predators. Its 
thick, slimy skin may protect it against jelly- 
fish stings. 

The jellyfish apparently provide more 
than shelter: When the researchers exam- 
ined the stomach contents of gobies and the 
stable isotope ratios of their tissue—which 
mimics that of the food they consume—they 
found that jellyfish represent up to 60% of 
the goby’s diet. Up to a third of the rest comes 
from sulfur-containing bacterial mats on the 
sea floor or other components of the mud: 
The stomachs were often full of diatoms and 
worms called polychaetes. “It’s feeding on 
things that usually fish don’t feed on,” says 
Utne-Palm. “They are bringing dead-end 
products back into the ecosystem, making 
the ecosystem more productive than it would 
be otherwise.” 

What gets eaten on the bottom gets 
digested later on, when fish then reoxygenate 
their tissues. Fish caught at the bottom had 
undigested stomach contents, whereas those 
caught at night had begun to process what 
they had eaten. 

Lab experiments also showed that a low 
oxygen level doesn’t impair gobies’ behavior 
or damage their heart the way it does their 
predators. These fish can also survive what 
for other organisms are intolerable concen- 
trations of hydrogen sulfide, perhaps by not 
breathing at all in its presence. “This goby 
can deal with both low oxygen and with jel- 
lies and hence loves the new environment we 
have created for it, by fishing the heck out 
of everything else,” says Daniel Pauly, a fish- 
eries biologist at the University of British 
Columbia, Vancouver, in Canada. 

Utne-Palm thinks this new food web is 
fairly stable and that sardines will not make 
a comeback anytime soon. But at least the 
goby is helping to keep the new ecosystem 
productive. “Nobody could have predicted,” 
says Gibbons, “that an insignificant little fish 
could have turned out to save the day—or at 
least stabilized the day for us.” 

—ELIZABETH PENNISI 
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From Science's Online 
Daily News Site 


Face to Face With Human 
Mobility Research 
The 2009 H1N1 flu pandemic kept scores 


of virologists busy, but it also attracted interest 


from the growing number of scientists study- 
ing how people move and interact with 
one another. 

At a session last week at the Euroscience 
Open Forum (ESOF) in Turin, Italy, Alain 
Barrat of the Center of Theoretical Physics in 
Marseille, France, presented his work using 
radio-frequency identification tags to monitor 
interactions in schools, hospitals, museums, 
and academic conferences. The tags regis- 
ter when another RFID tag is within 1 or 
2 meters, thus recording face-to-face contact. 
(The tag's radio signal can’t travel through a 
person’s body.) 

Barrat and colleagues monitored how 
long contacts last and documented networks 
of contacts for each venue. (A paper will soon 
appear in PLoS ONE, he says.) In the hospital 
setting, for example, patients rarely meet other 
patients, which is good, he says, as that should 
stymie the spread of communicable diseases. 
http://bit.ly/humans-move 

Read more coverage of this year’s ESOF at 
http://news.sciencemag.org/esof. 


Can a Stimulating Life Ward Off Cancer? 
A provocative new study suggests that leading 
slightly stressful lives makes mice more resis- 
tant to cancer. 

Neuroscientists Matthew During and Lei 
Cao, both of Ohio State University and Cor- 
nell University, injected melanoma cells into 
two sets of young male mice—groups of five 
animals that had been housed in a bread box— 
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MeerkatseHave Their Own Traditions” - 


In January, the height of summer in the Kalahari Desert, some meerkats poke their 
noses out of their burrows as early as 5 a.m. Other groups sleep up to an hour 
later. Over 11 years of observations, researchers found that each group stuck to its 
schedule, even when the original members of the population had all died. Meerkats 
move between groups, so the differences aren't genetic, the researchers reported in 
the Proceedings of the Royal Society B. Instead, the immigrants adapt to the group's 
customs, and pups learn wake-up time from adults—further evidence, the team says, 
that nonhumans can have traditions, too. http://bit.ly/meerkat-customs 


size standard cage with food but nothing else, 
and groups of 18 to 20 mice that had been 
raised in a crib-size cage with food, toys, a 
maze, running wheels, and places to hide. 

Mice that had spent 3 weeks in the 
enriched cage developed tumors that were 
43% smaller in volume than the tumors of 
those raised in standard cages. The difference 
in tumor mass was 77% when the mice had 
spent 6 weeks in the special cages. And unlike 
mice raised in standard cages, a few of those 
in the enriched cages developed no tumors at 
all, the researchers reported in Cell. 

Exercise alone didn’t explain the effect. 
Mice raised in a typical cage connected to a 
running wheel developed tumors 
just as massive as those of the 
mice that did no cardio. But the 
enriched-cage mice had much 
lower blood levels of leptin, a 
hormone linked to obesity and 
cancer. And their hypothalamuses 
had higher levels of brain-derived 
neurotrophic factor (BDNF), a 
growth factor that the researchers 
suggest inhibits leptin produc- 
tion. The mild stress of living in 
a larger space with more fellows 
signals the brain to produce more 
BDNF, During speculates. 
http://bit.ly/cages-cancer 
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The Vaccine That Came In From the Cold 
Scientists say they have discovered a way to 
develop cool new vaccines—and they mean 
that literally. Francis Nano of the University 
of Victoria, Canada, and colleagues studied 
a bacterium called Francisella novicida, an 
innocuous cousin of a dangerous human 
pathogen called F. tularensis, which is high up 
on the list of potential bioterror agents. One 
at a time, the team swapped out nine essen- 
tial genes in F. novicida for genes from Arctic 
bacteria, such as Colwellia psychrerythraea, a 
marine microbe that only survives at low tem- 
peratures. Francisella normally dies at 45°C, 
but introducing the temperature-sensitive 
genes lowered that threshold by up to 12°C. 
When the team injected these altered 
strains into the tails of rats, they found that the 
microbes reproduced locally but didn't spread 
to the warmer spleen and lungs, as they would 
normally do. When the researchers injected 
them into mice, the animals didn’t get sick— 
and they were protected from an otherwise fatal 
dose of the unaltered F. novicida given 3 weeks 
later. The method, described in the Proceedings 
of the National Academy of Sciences, might be 
used to develop a better vaccine for TB, Nano 
says. http://bit.ly/cool-vaccine 


Read the full postings, comments, and more at 
news.sciencemag.org/sciencenow. 
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From the Outside Looking In 


A new push to get scientists into the classroom begins with the best 
of intentions. But that's not always enough, say those involved with 


the D.C. public schools 


MICHAEL KASPAR THOUGHT HE HAD EVERY- 
thing lined up for a special “Celebration 
of Science” this spring in Washington, 
D.C. The 6 May event would combine the 
annual citywide elementary school science 
fair with the official launch of National 
Lab Day, an awkward name for an ongo- 
ing nationwide effort to link teachers with 
science professionals in their area via an 
interactive Web site (nationallabday.org). 
Officials at the National Science Founda- 
tion (NSF), based in nearby suburban Vir- 
ginia, saw the event as another way to pro- 
mote STEM (science, technology, engi- 
neering, and mathematics) education. The 
Smithsonian’s National Museum of Natural 
History had agreed to host the affair, and 
Kaspar’s organization, the DC STEM Alli- 
ance, would supply the judges and provide 
logistical support. 

The event was meant to funnel some of 
the thousands of area scientists working at 
government agencies, professional organi- 
zations, and other scientific institutions into 


the District of Columbia Public Schools 
(DCPS), a beleaguered urban system with 
low student test scores and chronic manage- 
ment problems. Teaching science in the pub- 
lic schools is a hard and lonely job under the 
best of circumstances. Tapping the skills of 
outside scientists and engineers can be one 
way to reduce that isolation—and improve 
the quality of instruction. 

But D.C. school administrators were 
not ready to take on National Lab Day 
(Science, 4 December 2009, p. 1332), and 
they said they needed more time to orga- 
nize the citywide science fair. Smithsonian 
officials didn’t want to proceed without a 
commitment from DCPS. And NSF had 
its hands full scheduling visits by federal 
officials to local schools. So the May event 
was scrapped. 

Initiatives such as National Lab Day 
assume that school systems are eager and 
able to make use of offers of outside help. 
Kaspar’s experience suggests it’s not that 
simple. To find out, Science examined some 


of those collaborative activities within the 
D.C. public school system. 

Without exception, the outsiders say 
they welcome the chance to support their 
local schools. But effective partnerships 
require a lot more than good intentions and 
eager volunteers. They also hinge on how 
much time teachers spend on science, their 
knowledge of the subject, and the institu- 
tional support they receive. What the vol- 
unteers bring to the table matters, too. Here 
are some of their stories. 


Does anybody care? 

Scientists hoping to partner with D.C. pub- 
lic schools will find a system in the midst 
of sweeping changes instigated by Michelle 
Rhee, hired as chancellor by D.C. Mayor 
Adrian Fenty after the mayor gained con- 
trol of the system. A national advocate for 
school reform, Rhee has pushed to improve 
the quality of the DCPS teaching staff and 
strengthen its curriculum. Rhee likes to cite 
gains in student test scores in reading and 
math, especially in the lower grades, as an 
early validation of her efforts. There are no 
comparable results for science, however, and 
some observers say her impact on science to 
date has not been so positive. 
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Hearty science. National Lab Day at Bell Multi- 
cultural High School brought together scientists 
from Walter Reed Army Institute for Research and 
students in Kristy Sundberg’s (above) physiology 
and anatomy classes. 


It’s certainly disrupted Kaspar’s life. 
Trained as a plant biologist with a Ph.D. 
in science education, Kaspar was DCPS’s 
director of science for 3 years until he lost 
his job in July 2009 as part of a downsizing 
of administrative staff and a reshuffling of 
responsibilities. His office was eliminated, 
and the responsibility for science was par- 
celed out to school principals. (Kaspar has 
remained active in science education through 
the nonprofit DC STEM Alliance, which he 
founded.) “I came to DCPS to get a bird’s- 
eye view of what science education was like 
in an urban district,’ says James Rountree, 
a former high school science teacher in a 
neighboring district whom Kaspar hired. 
“T had that chance for a few months under 
Mike. But we don’t have a science depart- 
ment anymore,” adds Rountree, now a cur- 
riculum specialist with no formal responsi- 
bilities for science. 

Kaspar was responsible for the care and 
feeding of science teachers throughout the 
district. His duties included facilitating out- 
side collaborations on citywide science fairs, 
supplementing the regular curriculum, and 
helping classroom teachers improve their 
skills. The elimination of the science depart- 
ment, says one D.C. science teacher, sends a 
message that “there’s no one looking out for 
science, which means that it’s not important 
and that nobody cares.” Not so, says Jennifer 
Calloway, a DCPS spokesperson. The move 
was part of a broader effort “to serve teach- 
ers in a more coherent way,” she says. “Gen- 
eral education teachers now coordinate daily 
science instruction with support from knowl- 
edgeable staff in the central office.” 

Elementary school teachers are in dire 
need of such support, say science educators. 


For starters, science 
plays second fiddle to 
reading and mathemat- 
ics, which are the chief 
metrics for student 
achievement under the 
existing federal edu- 
cation laws. Its place 
on the daily schedule 
is determined by the 
school principal, who 
also decides whether 
to designate a staff 
position for a science 
teacher. As a result, sci- 
ence may be taught for 45 minutes once or 
twice a week—or not at all. 

“We don’t do any science because we don’t 
have room for it in the schedule,” says Nina 
Fernandez, a rookie second-grade teacher 
at Malcolm X Elementary School in South- 
east D.C., which last year was designated a 
STEM catalyst school as part of an attempt 
to use science to lift some of the district’s 
lowest-performing schools. At best, she adds, 
“we try to squeeze science and social studies 
into reading and math lessons.” 

On a hot Saturday in early May, 
Fernandez is making bird feeders as part of 
a series of workshops run by the Carnegie 
Academy for Science Education (CASE), 
which has a contract to train teachers at the 
six STEM catalyst schools. CASE’s parent 
organization—the Washington, 
D.C.—based Carnegie Institution ¥, 
for Science—began working with 
D.C. schools on a voluntary basis 
in 1989. Instead of sending its 
scientists into the regular class- 
room, the institution invited 
students to a Saturday science 
program called First Light. 
CASE was created 5 years later to 
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a K-8 school near Catholic University in 
Northeast Washington. “Students could 
get science from their classroom teachers,” 
Jones says, “but a lot of them shy away from 
it.’ She enjoys the challenge: Despite hold- 
ing an undergraduate degree in biology anda 
master’s in education, Jones says she is now 
pursuing a second master’s degree in phys- 
ics education “because I wanted to learn 
more content.” And that’s notwithstanding a 
presidential award for science teaching she 
received in 2004. 

But Jones is part of a vanishing breed. 
There are only about 10 such specialists 
across the school system’s 88 public ele- 
mentary schools. Their number has shrunk 
by almost half in the past few years as prin- 
cipals have chosen to put resources else- 
where. And even designated science teachers 
don’t always teach science full-time. Daniel 
Markus, a science teacher at John W. Ross 
Elementary in Northwest D.C., taught 10 sci- 
ence classes in 2008-09, allowing him to see 
most students twice a week. This past aca- 
demic year, however, the number shrank to 
seven so that he could help out with math. “I 
could teach more science,” he says, “but my 
principal decides how much I’ll do.” 


Lighting a fire 
For all those reasons, elementary school 
teachers could use outside help. As head of 
science, Kaspar organized monthly meet- 
ings so that science teachers 
could swap information about 
potential partnerships and other 
ways to improve instruction. But 
those meetings stopped after he 
was let go, and his departure has 
left a void. 

“Tf the teachers aren’t plugged 
in,” says Mary Lord, a member of 
the D.C. state school board and a 


improve the skills of their teach- Additional strong advocate for STEM edu- 

ers. “First Light made a huge R. anecdotes and cation, “then how do they find 

difference in how the kids did in a of STEM out about opportunities that may 
Tvities. 


school,” says Toby Horn, who 
co-directs CASE. “So the teachers 
and principals asked us to help them, too.” 

One of the goals of the CASE training is 
to give Fernandez and her colleagues at the 
STEM catalyst schools the content knowl- 
edge they need to feel comfortable teach- 
ing the subject. “I didn’t take any science 
courses in college,” Fernandez admits. “I 
was prelaw, and the closest thing, I guess, 
was an environmental law class.” 

Until then, the burden for teaching sci- 
ence rests on teachers like Melvina Jones, 
who for the past dozen years has been a sci- 
ence specialist at Burroughs Elementary, 


arise? It’s hard for outsiders to 

hook up with the school system.” 
With regard to National Lab Day, for exam- 
ple, Lord says one of the organizers told her 
that, at one point this spring, more teachers 
from Alaska than from D.C. had signed up 
for lab day events. 

A leading figure in bringing the event 
into D.C. schools is Netosh Jones, a third- 
grade teacher at Martin Luther King Ele- 
mentary School in Southeast D.C. Three 
years ago, after a decade in the classroom, 
Jones responded to Kaspar’s suggestion and 
applied for a new teaching fellowship pro- 
gram at NASA to earn a master’s degree in 
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science education. Winning it lit a fire under 
her that continues to burn brightly. “I’m not 
really a science teacher,” she confesses, “but 
I know that science is important. And after 
I became an Endeavor fellow, my principal 
made me the science coach.” 

Jones has embraced her new role. She 
has helped Kaspar revive a state chapter of 
the National Science Teachers Association 
and has been active in the DC STEM Alli- 
ance. And it was no accident that Education 
Secretary Arne Duncan chose to visit her 
classroom on 12 May as part of the school’s 
all-day celebration of National Lab Day, a 
festive event that included dozens of educa- 
tors, environmentalists, and even a trio of 
20-something Hollywood entertainers. 

“She’s a force of nature,” says Horn about 
Jones. “Even in suburban schools with a lot 
more resources, you don’t see teachers like 
Netosh.” Jones’s enthusiasm, backed by a 
willing principal, has attracted a flood of sci- 
entific and engineering talent to the school 
on an ongoing basis. 

Bringing together classroom teachers 
and scientists is only the first step in improv- 
ing STEM education. What happens next 
depends on many factors, including the 
commitment of the volunteers and the type 
of encouragement they receive. 


Two years ago, for example, Kaspar 
helped arrange a meeting between the new 
principal of Stanton Elementary School, who 
Kaspar had heard was interested in strength- 
ening STEM instruction at the low-perform- 
ing school, and Donald Messer, a former 
aerospace engineer and business executive. 
Now retired from the federal government, 
Messer had recruited a half-dozen or so fel- 
low Rotary Club members to volunteer at a 


school located in a violence-prone neighbor- 
hood of Southeast D.C. far removed from 
where they live and where tourists visit. 

Messer, who holds a Ph.D. in applied 
mathematics and physics, believes that the 
twice-a-week math tutoring is making a dif- 
ference. He points to higher scores on the 
citywide standardized test administered in 
spring 2009, and he’s anxiously awaiting 
this year’s results. But he acknowledges 
that the attrition rate among Rotarians has 
been high. “Some volunteers came once 
and refused to go back because they were 
afraid of the neighborhood,” he says. He 
understands their concern but sees no alter- 
native. “There’s no point doing this in the 
nicer parts of town,” he says. “Those kids 
are already doing well, and they have every- 
thing they need. Giving money is easy. Vol- 
unteering is not easy.” 

In addition to tutoring math, Messer this 
year worked with three students on their 
science-fair projects. One of them even 
managed to measure the force of gravity by 
throwing a golf ball in the school gym, timing 
its ascent and descent with a stopwatch, and 
then plugging the numbers into an equation 
Messer provided. “We were pretty close,” 
Messer says about the student’s answer, 
“although I don’t think he understood the 
concept of acceleration.” 

But the fair itself left a 
bitter taste in his mouth. 
Absent any grand “cel- 
ebration,” the citywide 
fair, hastily organized 
and barely publicized, 
was held last month in 
the basement of an ele- 
mentary school. It drew 
students from only 12 of 
D.C.’s 88 public schools 
(one-quarter the usual 
number), and there were 
so few volunteers that 
many students had to 
wait hours to explain 
their project to a judge. 
“We made do, but it 
would have been nice to 
see more support,” says 
Rountree. Messer was particularly incensed 
by the school system’s decision to shrink the 
winner’s circle for each grade from four in 
each of 15 categories to three grand-prize 
winners. The Stanton students were shut 
out. To compensate for what he calls “their 
disappointment over total nonrecognition,” 
Messer gave each student a “certificate of 
achievement”—and a $40 cash prize that 
came from his own pocket. 


vs 


Race to the top? Education Secretary Arne Duncan inspects battery- 
powered cars built by third-grade students at Martin Luther King Ele- 
mentary School as their teacher, Netosh Jones, looks on. 


A GEM of an idea 

What happens at science fairs may seem 
like small potatoes, but science educators 
say that fairs, when done properly, give stu- 
dents a rare opportunity to get their hands 
dirty doing real science. For scientists like 
Marti Jett, chief of molecular pathology at 
the Walter Reed Army Institute of Research 
in Silver Spring, Maryland, the fairs can 
also serve as a recruiting tool for her ever- 
expanding outreach program. 

Jett leads a team at Walter Reed that for 
2 decades has handled the judging for the 
annual D.C. secondary school science fair— 
“We started doing it because everybody 
else seemed to have abandoned them,” she 
explains. She’s also involved in the annual 
Intel Science Talent Search, arguably the 
country’s most prestigious science fair. 

But a science fair is not a static, 1-day 
event for Jett. For the past few years, she 
and her colleagues have been helping D.C. 
students conceive and carry out science- 
rich projects that they will present at the 
fair. “We tell them, ‘Think of something 
that interests you, research it on the Web, 
come up with a hypothesis, and then design 
an experiment to test it.’ I refuse to judge 
a project comparing Tide and Era [laundry 
detergents],” she says. 

That effort is part of a larger internship 
program that Jett began as a way to diversity 
the pool of summer students working at Wal- 
ter Reed. Subsidized initially from her own 
research funds, the program is called Gains 
in the Education of Mathematics and Science 
(GEMS). It has grown beyond her wildest 
dreams, with support from the U.S. National 
Institutes of Health and other organizations. 
GEMS provides “a different perspective” 
from what students usually get in the class- 
room, Jett says: “We don’t talk about teach- 
ing science or math or engineering. Instead, 
we say, ‘Here’s the problem. And here’s what 
you need to know to solve it.” 

Most of the GEMS instructors are under- 
graduate or graduate students; some are 
themselves former interns. Jett says these 
“near peers” are not only more approach- 


able than senior scientists like herself but = 


also role models for students who may 
have never seen a scientist “who looks like 
them” and who have lots of questions about 
what it’s like to attend college and major in 
a STEM field. 

To celebrate National Lab Day in May, 
Jett sent part of her team to Bell Multi- 
cultural High School on the Columbia 
Heights Educational Campus in Northwest 
D.C. Bell is one of the schools participat- 
ing in the GEMS program, and the teacher 
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Poster children. This spring's citywide elementary 
school science fair drew many fewer participants 
and judges than in past years. 


whose class they visited, Kristy Sundberg, 
is someone who knows from personal expe- 
rience how outside scientists can improve 
classroom instruction. 

Sundberg earned a Ph.D. in neuro- 
science from the University of California, 
San Diego (UCSD), and completed a post- 
doctoral fellowship at Yale University before 
deciding last year to become a high school 
science teacher. At UCSD she so enjoyed 
teaching a Saturday neuroscience course 
to preteen students—“It was definitely not 
for superbright kids trying to accelerate”— 
that she tapped into the university’s out- 
reach program to help start a student group, 
then won a $1500 grant from the Dana 
Foundation to buy supplies, including ani- 
mal brains. In 2007, she took the idea with 
her to New Haven, Connecticut, planting 
a seed that has grown into an even larger 
enterprise. “Now I’m on the other side,” she 
laughs about her decision to become a high 
school teacher. 

Despite being a rookie, Sandberg has 
designed her own curriculum. “Each unit is 
a disease,” she explains, “and I cover what 
students need to know to understand the 
basic physiology of cancer, diabetes, heart 
disease, AIDS, and so on.” Accordingly, 
the National Lab Day activity in her class- 
room focused on the cardiovascular sys- 
tem. Rotating from station to station, Bell 
students hooked themselves up to blood 
pressure cuffs and electrocardiogram kits 
that the GEMS instructors had brought and 
carved up the sheep hearts that the mentors 
fished out of buckets. It was the first time 
that most of her students had seen such 
equipment, much less had the chance to use 
it. Students also worked out with a personal 
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trainer and then measured the effect of exer- 


cise on their heart rates. 

Jett acknowledges what she calls the 
“wowie” factor of such 1-day visits. But 
her team also hoped to recruit some stu- 
dents to its summer internships. “We’re 
trying to establish a true mentoring experi- 
ence,” she says, “in which kids come back 
year after year.” 


Building bridges 

Outsiders can also help teachers add a 
fresh twist to the regular curriculum. But 
it’s difficult to know how much students 
actually retain. 

William Stafford wanted to give his 
10th-grade geometry students at Theodore 
Roosevelt High School in Northwest D.C. a 
reward for completing the citywide testing 
regimen in late April. A second-year teacher 
who majored in math and is now completing 
his master’s degree in education as a Teach 
for America fellow, Stafford thought that 
building a 30-centimeter-long model bridge 
would give students a chance to apply what 
they had just learned about angles, propor- 
tions, and ratios. And he knew they’d get a 
kick out of testing its strength. 

Stafford teamed up with Sheri Wallach, 
another Roosevelt math teacher. With $600 
from Donorschoose.org, a Web site to help 
urban teachers, they were able to buy a 2-year 
supply of kits first developed 30 years ago 
by physicists at the Illinois Institute of Tech- 
nology. The kits come with background 
information on bridge design and the rules 
for what has grown into an international 
competition (bridgecontest.phys.iit.edu). 
For technical expertise, he turned to the 
National Lab Day site and found Andrew 
Heier, a 25-year-old engineer who worked 
at SAIC, a large defense contractor with an 
office in nearby Arlington, Virginia. 
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Heier visited Roosevelt a half-dozen 
times during the 2-week unit and even gave 
a 15-minute PowerPoint presentation, titled 
“Sensor Boresight Optimization,” on the 
geometry of tracking a missile launched 
from Florida at a target in Texas. “I prac- 
ticed it ahead of time,” he confessed. Even 
so, his talk may have been a bit hard for 
most of the students to follow. One student, 
after choosing a bridge type that would 
divide the span into thirds, couldn’t figure 
out the correct length of each segment, even 
with a calculator. A reminder from Stafford 
about the Pythagorean theorem evoked little 
recognition. The characteristics of isosceles 
and equilateral triangles seemed a mystery 
to much of the class. 

On “breaking day,” students watched 
intently as Stafford and Wallach piled 
weights, books, and other objects into the 
cardboard box dangling from a hook on the 
underside of each bridge. As each model 
creaked toward its demise, the teachers 
would point out what the student might have 
done to make it sturdier. The project was so 
popular that two teachers even sacrificed a 
subsequent lunch period to accommodate 
students who hadn’t finished on time. But 
there were limits to their generosity. “They 
get to do it, but they won’t get credit,” says 
Stafford, munching on his sandwich. “They 
need to learn to meet deadlines.” 

Stafford’s rules for the bridge- 
building unit are a reminder that whatever 
contribution scientists make to improv- 
ing STEM education must fit within the 
parameters of the regular classroom. In the 
end, it’s the classroom teachers who will 
ultimately determine the success or failure 
of efforts aimed at bringing scientists into 
the schools. 

—JEFFREY MERVIS 
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Confronting Anatomy's Nazi Past 


Studies uncover a symbiosis between the Nazi regime, which needed to dispose of 
executed prisoners, and anatomical institutes, which sought bodies for study 


In 1938, senior anatomists at the University 
of Vienna began an unusual arrangement: 
They worked closely with local Nazi officials 
to obtain corpses for teaching and research, 
receiving the bodies of prisoners shot in the 
Gestapo rifle range or guillotined in Vien- 
na’s assize court building. So many corpses 
were transferred that Viennese authorities 
ran a special streetcar, dubbed the “Death 
Transport,” between the court and the medi- 
cal school in the early morning. If the medical 
school morgue was full, court officials post- 
poned the executions. Viennese physicians 
secured at least 1337 bodies of Nazi victims 
this way, according to a report issued by the 
University of Vienna in 1998. 

The Viennese tram is just one example of 
the systemic relationship that arose between 
medical schools and executioners across 
Nazi-controlled Europe. Although other 
aspects of Nazi science have been explored 
previously, such as the role of psychiatrists in 
selecting mentally ill patients for euthanasia, 
anatomists’ broad complicity in Nazi injus- 
tices has emerged mostly in papers published 
in the past year or so. 

These studies document the grim symbio- 
sis that arose between anatomists who wanted 
human bodies for teaching and research and a 


criminal regime that wanted to dispose quietly 
of the corpses of large numbers of executed 
prisoners. Medical schools were assigned par- 
ticular prisons from which to receive corpses 
and accepted extra bodies for incineration. 
One leading Berlin anatomist manipulated the 
timing of executions and used the terror that 
female prisoners experienced as they waited 
to die as a scientific variable in a study, accord- 
ing to research published in Clinical Anatomy 
last year. “The picture is one of a very gradual 
slippage in moral values among anatomists,” 
says Christoph Redies, a professor of anatomy 
at the Jena University Hospital in Germany, 
“to clear outrages and injustices.” 

The research is prompting German anat- 
omists to acknowledge publicly for the first 
time the extent of their field’s involvement in 
Nazi abuses. And it raises ethical questions 
about the continuing use of research and illus- 
trations based on dissections of Nazi victims 
(see sidebar). Spurred by the new findings, 
Germany’s Anatomical Society is holding its 
first symposium on “Anatomy in the Third 
Reich” on 29 September at the University of 
Wiirzburg. “We hope that this will contribute 
to a global debate on ethical standards for the 
use of human cadavers in research and teach- 
ing,” says Andreas Winkelmann, an anatomist 


The Dilemma of Pernkopf's Atlas 


For more than 2 decades beginning in 1933, 
University of Vienna anatomist Eduard 
Pernkopf labored on his anatomical atlas, 
which he published as the Topographical 
Anatomy of Man. He put in 18-hour days dis- 
secting human bodies and supervising a team 
of artists who painted what he revealed in 
intricate detail. The resulting four-volume 
anatomical atlas was described by The New 
England Journal of Medicine in 1990 as “an 
outstanding book of great value to anato- 
mists and surgeons,” and its anatomical illus- 
trations remain unsurpassed even today. 

But Pernkopf and several of his artists were 
avid Nazis, as revealed in a 1988 study by David 
Williams of Purdue University in West Lafayette, 
Indiana. A University of Vienna investigation 
determined in 1998 that Pernkopf’s anatomy 
department received bodies of executed pris- 


oners from the Gestapo and from Vienna’s assize 
court (see main text). “Some of these bodies were 
certainly used for Pernkopf’s atlas,” says Williams. 


at Charité Medical University in Berlin. 

The symposium is likely to spark intense 
discussion, for anatomists continue to grap- 
ple with the ethics of using bodies from 
state-sanctioned executions. In 2008, New 
York state’s Attorney General Andrew 
Cuomo investigated allegations that a tour- 
ing museum show of plastinated bodies put 
on by Premier Exhibitions Inc. had displayed 
the bodies of executed Chinese prisoners 
who may not have consented to the display. 
Cuomo could not confirm the allegations, 
although the company admitted that some 
remains came from the Chinese Bureau of 
Police. The company’s current show displays 
only “individuals known to have died of nat- 
ural causes,” says the chief medical director 
of the show, Roy Glover. 

The abundance of new historical data from 
the Third Reich is bound to fuel a fresh round 
of debate on such issues. A series of three stud- 
ies published last fall in Clinical Anatomy by 
anatomist Sabine Hildebrandt of the Univer- 
sity of Michigan, Ann Arbor, traces the evolu- 
tion of practices of German anatomists before 
and during the Third Reich. 

Before the Third Reich, German anato- 
mists used unclaimed corpses from hospitals, 
psychiatric facilities, and prisons, but the lat- 
ter was a minor source because Germany exe- 
cuted fewer than 20 civilians a year between 
1907 and 1932. After 1933, notes Hildeb- 
randt, the Nazi government meted out death 
sentences for even minor infractions, such 
as telling political jokes. So between 1933 
and 1945, German prisons executed at least 
16,000 civilians. (Only a few of these were 


What should anatomists in 2010 do with an 
atlas that is both scientifically valuable and mor- 
ally tainted? Researchers remain deeply divided. 
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members of minorities such as Jews, 
who were usually transported to con- 
centration or death camps.) By 1942, 
the corpses of all prisoners convicted 
of high treason were automatically 
handed over to anatomists. 

Thus, as Hildebrandt’s research 
shows, anatomists became an integral 
part of the system of capital punish- 
ment. Each anatomical institute was 
assigned to a prison facility 
that possessed an execution 
chamber, and anatomists 
received advance notice 
of executions. What was 
then the Berlin Institute 
of Anatomy, for example, 
was assigned to Plétzensee 
Prison, 6 kilometers away, 
and on an execution day 
the institute sent an assis- 
tant there in a van. “He 
arrived there before the 
execution started. Then 
he waited for the bodies,” 
says Winkelmann. In her study, Hildebrandt 
determined that 10 German anatomical insti- 
tutes received a minimum of 3228 such cadav- 
ers; data were missing for the remaining 21 
institutes. Many anatomists believed that they 
were doing nothing wrong. “It was all legal,” 
Hildebrandt says. 

Studying cadavers that were beheaded 
or bore clear signs of other abuse may have 
traumatized some students, says Hildeb- 
randt: “There was no way that [the students] 
couldn’t have seen where the bodies came 


Williams, a professor of medical illustration, 
thinks the injustices recorded in the paintings 
far outweigh their scientific value and refuses to 
use the illustrations he once held up as a stan- 
dard of excellence to his students. 

Others, however, think that the atlas can be 
used if researchers approach the illustrations’ 
subjects in a respectful manner. “As long as 
you talk about the history of the atlas and the 
people involved, | think you can keep it and 
use it as a teaching tool for anatomy as well 
as for medical ethics,” says anatomist Sabine 
Hildebrandt of the University of Michigan, 
Ann Arbor, who has also investigated abuses 
of Nazi-era anatomists. 


Nazi victims? Eduard Pernkopf’s anatomy atlas 
was a triumph of illustration but included images 


from.” In one case traced by Winkelmann and 
Udo Schagen, a historian at Charité Medi- 
cal University, a young Berlin Institute of 
Anatomy researcher named Charlotte Pom- 
mer abandoned anatomy after witnessing the 
dissection of an executed political prisoner 
whom Pommer had known personally. 

In 1999, William Seidelman, now a pro- 
fessor emeritus of family medicine at the Uni- 
versity of Toronto in Canada, raised serious 
questions about the activities of a respected 
German researcher, Hermann Stieve, director 


Pernkopf’s sullied masterpiece is not the 
only troubling scientific legacy of Nazi injus- 
tices. For example, the Clara cell, a structure in 
the human airway, honors Max Clara, an anat- 
omist at the University of Leipzig during the 
Nazi era. Clara described the cell in 1937 after 
working on the bodies of executed prisoners, as 
anatomist Andreas Winkelmann of Charité Med- 
ical University in Berlin and medical historian 
Thorsten Noack of Heinrich Heine University in 
Dusseldorf revealed in the European Respira- 
tory Journal Express in March. “A different term 
would be preferable,” says Winkelmann. 

But such eponyms serve an important pur- 
pose as testaments to a time when medicine 
crossed an ethical line, says William Seidelman, 
professor emeritus of family medicine at the 
University of Toronto in Canada: “I don’t think 


Grim records. A 1943 register from Jena shows 
cadavers’ cause of death, including execution (underlined in red); in Berlin, anat- 
omist Hermann Stieve gathered data on women facing execution. 


of the Berlin Institute of Anatomy 
from 1935 to 1952. Over the next 
decade, Winkelmann and Schagen 
explored Stieve’s work, publishing 
their findings last year. 

By poring over old scientific 
papers and other records, they 
found that Stieve was interested in 
the effects of stress on reproductive 
systems. In the 1920s, he dissected 
chickens stressed by the presence of 
a caged fox. After the Nazis came to 
power, Stieve examined the effects 
of stress on the timing of human 
ovulation. He collected data on 200 
female prisoners who were stressed 
by learning the date of their execu- 
tion, and he dissected them after 
their deaths. 

Stieve worked closely with 
prison authorities, Winkelmann and 
Schagen found. He sent an assistant 
to Plétzensee to obtain from prison 
doctors the women’s medical his- 
tories, as well as data on their men- 
strual cycles and reactions to the announce- 
ment of their execution date. He also per- 
suaded Plétzensee’s director to continue con- 
ducting executions in the morning, despite the 
daylight air attacks in Berlin, so tissue samples 
could be processed the day of the execution. 
Moreover, Stieve agreed to take the corpses 
of all the prison’s 2915 executed inmates, far 
more than the institute needed, and burned the 
excess bodies in the crematory. 

Stieve suspended his personal feelings to 
such a degree, says Winkelmann, that he saw 
little difference between designing a study 
on caged chickens and women on death row. 
Today, some scientists still quote results from 
Stieve’s human studies in their papers, he 
notes. “What the best and brightest did was 
see the imprisonment and beheading of human 
beings as opportunities,” Seidelman says. 

In 2003, the German Medical Coun- 
cil recommended that German universities 
remove from their anatomical collections all 
specimens, including histological slides and 
human bones, originating from Nazi victims. 
After investigating their collections, many 
German universities buried all the Nazi- 
era human remains in places of honor. But 
Hildebrandt and other researchers believe 
that this is only a first step in righting a major 
historical wrong. They would like to see 
researchers identify the Nazi victims used 
by anatomists so that a modern generation 
can honor their memory today. 

—HEATHER PRINGLE 


NEWSFOCUS 


Downloaded from www.sciencemag.org on July 15, 2010 


from the bodies of executed Nazi prisoners. we should revise history.” -H.P. Heather Pringle is the author of The Master Plan: 
Himmler’s Scholars and the Holocaust (2005). 
www.sciencemag.org SCIENCE VOL329 16 JULY 2010 275 


Published by AAAS 


276 


OMMENTARY 


Performance-based Ph.D. 


LETTERS | BOOKS | POLICY FORUM | 


LETTERS 
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Funding Should Come to Those Who Wait 


WE APPLAUD THE PERSPECTIVE BY T. CLUTTON-BROCK AND 
B. C. Sheldon (“The Seven Ages of Pan,” 5 March, 
p. 1207) on the value of long-term behavior and ecologi- 
cal research. We pick up where they left off: funding. 

Long-term research has cumulative value that far 
exceeds its annual rate of return. Sadly, quick empiri- 
cal studies trump long-term research in the reward sys- 
tem for academic promotion in ecology and behavior. If 
long-term research is to flourish, we must build a reward 
system for studies characterized by deferred gratifica- 
tion. A sea change in these values must precede attempts 
to address funding. 

To secure the future of long-term field projects, we 
must act on three fronts: 

(i) We must devise funding mechanisms for “legacy” projects deemed too valuable to 
falter. Whereas the National Science Foundation’s (NSF’s) National Ecological Observatory 
Network and Long-Term Ecological Research programs support long-term collaborative, 
site-based research, there is a compelling need to support the diversity of long-term investiga- 
tor-initiated programs. As implemented, NSF’s Long-Term Research in Environmental Biol- 
ogy program is a first step, but has insufficient support to maintain many valuable projects. 

(ii) We must develop mechanisms to fund the establishment of new programs with long- 
term potential. Such potential may not be initially appreciated, but with vision and support, 
new systems studied over the long run will produce novel insights. 

(iii) Support for ecological research must be increased. We do not advocate robbing Peter 
(short-term research) to pay Paul (long-term research). However, we maintain that Paul has 
already been robbed and some balance needs to be restored. 

Most of us involved in long-term research have a story to share, in which time-lim- 
ited funding shortages took our programs to the edge of a precipice. Investigators that suc- 
ceed and become known for long-term research, almost by definition, have found a way to 
adapt to funding shortfalls, usually at great personal sacrifice. A recent case at the Los Amigos 
Biological Station in the Peruvian Amazon speaks to the value of funding continuity (/). 
During a 4-year period of programmatic support, the scientific productivity of the station surged, 
producing many valuable findings and building substantial scientific capacity for the region. 
Since the funding evaporated, the station has failed to return to its former glory, at great loss to 
our ability to make scientific inroads into understanding the ecology of this area, characterized 
by unrivaled biodiversity. 

Of course, long-term programs must remain intellectually vibrant and methodologically 
rigorous if they are to be supported. In the end, the onus is on ecologists to convince ourselves, 
society, and funding agencies that long-term research has unique and irreplaceable value. 

RONALD R. SWAISGOOD,?* JOHN W. TERBORGH,? DANIEL T. BLUMSTEIN? 
‘Applied Animal Ecology, San Diego Zoo’s Institute for Conservation Research, San Diego, CA 92027, USA. Center for Tropi- 


cal Conservation, Duke University, Durham, NC 27705, USA. *Department of Ecology and Evolutionary Biology, University 
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Long-term studies. Studies spanning 
decades have yielded insights into red 
deer and other species. 
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Brazilian Law: 
Full Speed in Reverse? 


IS IT POSSIBLE TO COMBINE MODERN TROPI- 
cal agriculture with environmental conserva- 
tion? Brazilian agriculture offers encourag- 
ing examples that achieve high production 
together with adequate environmental pro- 
tection (/, 2). However, these effective prac- 
tices may soon lose ground to the conven- 
tional custom of resource overexploitation 
and environmental degradation. 

A revision to the Forest Act, the main Bra- 
zilian environmental legislation on private 
land, has just been submitted to Congress, 
and there is a strong chance that it will be 
approved. The proposed revision raises seri- 
ous concerns in the Brazilian scientific com- 
munity, which was largely ignored during its 
elaboration. The new rules will benefit sectors 
that depend on expanding frontiers by clear- 
cutting forests and savannas and will reduce 
mandatory restoration of native vegetation 
illegally cleared since 1965. If approved, CO, 
emissions may increase substantially, instead 
of being reduced as was recently pledged in 
Copenhagen. Simple species-area relation- 
ship analyses also project the extinction of 
more than 100,000 species, a massive loss 
that will invalidate any commitment to biodi- 
versity conservation. Proponents of the new 
law, with well-known ties to specific agribusi- 
ness groups, claim an alleged shortage of land 
for agricultural expansion, and accuse the 
current legislation of being overprotective of 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 
general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 
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the environment in response to foreign inter- 
ests fronted by green nongovernmental orga- 
nizations. However, recent studies (3) show 
that, without further conversion of natural 
vegetation, crop production can be increased 
by converting suitable pastures to agriculture 
and intensifying livestock production on the 
remaining pasture. Brazil has a high poten- 


Consumer 
concerns 


Act, Brazil risks suffering its worst environ- 
mental setback in half a century, with criti- 
cal and irreversible consequences beyond its 
borders. 
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tial for achieving sustainable development 
and thereby conserving its unique biological 
heritage. Although opposed by the Ministry 
of the Environment and most scientists, the 
combination of traditional politicians, oppor- 
tunistic economic groups, and powerful land- 
owners may be hard to resist. The situation is 
delicate and serious. Under the new Forest 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Observational and Model Evidence for Positive Low-Level 
Cloud Feedback” 


Anthony J. Broccoli and Stephen A. Klein 


Clement et al. (Reports, 24 July 2009, p. 460) provided observational evidence for systematic relationships between 
variations in marine low cloudiness and other climatic variables and found that most current-generation climate models 
were deficient in reproducing such relationships. Our analysis of one of these models (GFDL CM2.1), using more com- 
plete model output, indicates better agreement with observations, suggesting that more detailed analysis of climate 
model simulations is necessary. 


Full text at www.sciencemag.org/cgi/content/fulV329/5989/277-a 


Response to Comment on “Observational and Model Evidence for Positive 
Low-Level Cloud Feedback” 


Amy C. Clement, Robert Burgman, Joel R. Norris 

Broccoli and Klein argue for additional diagnostics to better assess the simulation of cloud feedbacks in climate models. 
We agree, and here provide additional analysis of two climate models that reveals where model deficiencies in cloud 
simulation in the Northeast Pacific may occur. Cloud diagnostics from the forthcoming Climate Model Intercomparison 
Project 5 should make such additional analyses possible for a large number of climate models. 


Full text at www.sciencemag.org/cgi/content/fulV329/5989/277-b 


CORRECTIONS AND CLARIFICATIONS 


News of the Week: “Invisibility cloaks for visible light must remain tiny, theorists predict” by A. Cho (25 June, p. 1621). 
The size limit on a cloak for infrared or visible light was misstated. It is a few hundred micrometers, not a few micrometers. 


News Focus: “Putting light’s light touch to work as optics meets mechanics” by A. Cho (14 May, p. 812). In the third para- 
graph, “pitchfork” should have been “tuning fork.” 


Reports: “Community structure in time-dependent, multiscale, and multiplex networks” by P. J. Mucha et al. (14 May, 

p. 876). Equation 3 contained a typographical error that was not caught during the editing process: The 8, term should 
have been outside of the parentheses within the square brackets. The correct equation, which also appears in the support- 
ing online material as equation 9, is to the right. See the revised supporting online material (www.sciencemag.org/cgi/ 
content/full/sci;328/5980/876/DC2), which also includes a correction to equation 11. The computations supporting the 
examples described in the Report were all 

performed with the correct formula for o korere 1 kk. 

The authors thank Giuseppe Mangioni for point-  Qiruttistice = —> bg Vis se) 6,.+ 8; C js, 8( 8598 jr) 
ing out the error. 2m 
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Sponsors of Traumatic 
Brain Injury Project 


I'M DELIGHTED THAT SC/ENCE TOOK THE TIME 
to highlight the ongoing efforts of the 
Common Data Elements Project for research 
in psychological health and traumatic brain 
injury (“New guidelines aim to improve 
studies of traumatic brain injury,” G. Miller, 
News of the Week, 16 April, p. 297). The 
level of interagency collaboration that made 
the project possible is exactly the type of 
leadership that Americans should expect 
from the federal government. 

As noted in the story, the project is co- 
sponsored by four federal agencies—three 
of whom were mentioned. The other agency 
is the National Institute on Disability and 
Rehabilitation Research (NIDRR) within 
the Department of Education. NIDRR has 
leadership, resources, and subject matter 
experts without which this project would not 
have been nearly as successful. Together, all 
four agencies will continue to develop rec- 
ommendations and support ongoing efforts 
to improve and refine the Common Data 
Elements. 
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Warming, Photoperiods, 
and Tree Phenology 


C. KORNER AND D. BASLER ("PHENOLOGY 
under global warming,” Perspectives, 19 
March, p. 1461) suggest that because of 
photoperiodic constraints, observed effects 
of temperature on spring life-cycle events 
cannot be extrapolated to future tempera- 
ture conditions. 

However, no study has demonstrated that 
photoperiod is more dominant than temper- 
ature when predicting leaf senescence (/), 
leafing, or flowering, even in beech—one 
of the species most sensitive to photoperiod 
(2, 3). On the contrary, the literature [e.g., 
(4, 5)] supports the idea that spring phenol- 
ogy is highly dependent on temperature dur- 
ing both the endodormancy phase (the period 
during which the plant remains dormant due 
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to internal factors) and the ecodormancy 
phase (the period during which the plant 
remains dormant due to external, environ- 
mental conditions). Warming temperatures 
have a negative impact on endodormancy 
(the chilling requirement is unfulfilled, delay- 
ing dormancy break) and a positive impact on 
ecodormancy (bud cell growth accelerates). 
Therefore, tree phenology does not respond 
linearly to increasing temperature (6, 7). The 
key concern should be quantitatively assess- 
ing the net balance between these antagonis- 
tic warming effects on spring phenology. 
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Response 

IN OUR PERSPECTIVE, WE CONCLUDED NEITHER 
that temperature is an irrelevant environmen- 
tal driver for phenology nor that photoperi- 
odism in trees is dominant in all cases. Our 
Perspective was merely a reminder of the 
classical research on the influence of pho- 
toperiod on phenology in late successional 
trees. Dormancy release is driven by a finely 
tuned interplay between chilling requirement, 
photoperiod, and warm temperatures. 

For example, during winter, the transi- 
tion from endodormancy to ecodormancy is 
mediated by chilling temperatures. Insuffi- 
cient chilling during a mild winter is likely 
to delay the development toward sprouting 
in spring (/). However, a long photoperiod 
may partially compensate for a lack of chill- 
ing. In this way, photoperiodism helps to sta- 
bilize the time of dormancy release (2-4). In 
photoperiod-sensitive species, sprouting 
may be considerably delayed in short pho- 


toperiods (4, 5), even in fully chilled buds 
(e.g., after cold winters) (6). Warm temper- 
atures are most effective in promoting bud 
burst only after the photoperiod requirement 
of adequately chilled buds is met (3, 6). This 
process prevents trees from sprouting before 
the risk of freezing damage is over. 
Photoperiodism in trees has been known 
for almost 100 years (7, 8), but is an often- 
ignored environmental cue when predicting 
the effects ofa future climate. 
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HISTORY OF SCIENCE 


Belief, Reason, and Insight 


Steven A. Frank 


he way a scientist chooses problems 

and interprets nature can be deeply 

influenced by political views or reli- 

gious beliefs. At the same time, the scien- 

tific truths that last the centuries have a coldly 

inhuman, rational purity beyond the moti- 

vations and beliefs of their 

human authors. George Price’s 

story brings us up against these 
alternative traces of history. 

Price made three profound 
contributions to evolutionary 
theory. First, the Price equa- 
tion for the effect of selec- 
tion on a trait (/) provided 
the foundation for the mod- 
ern analysis of social evolu- 
tion. W. D. Hamilton com- 
pletely reworked his famous 
theory of kin selection after Price explained 
to him the severe limitations of his original 
formulation and the need to use Price’s equa- 
tion. The equation also gives the most gen- 
eral understanding of natural selection, tran- 
scending genetics to include cultural change, 
learning, and all forms of dynamical change 
arising from transmission and biased success. 
Second, John Maynard Smith’s interest in the 
application of game theory to evolution came 
directly from Price’s original formulation of 
ritualized combat in animals. In Price’s work, 
mutually armed détente in animal combat 
arises from the Nash equilibrium of game 
theory. The first general expression and appli- 
cation of the widely used evolutionarily stable 
strategy concept in evolutionary games came 
from Price’s work. Third, Price’s analysis of 
R. A. Fisher’s fundamental theorem of natu- 
ral selection cleared up four decades of con- 
fusion. Establishing the generality of Fisher’s 
theorem, Price’s insight opened the way for a 
fully realized understanding of natural selec- 
tion as a central process in all types of evolu- 
tionary change. 

Each insight was so different from the 
common thought of its time. How did Price 
do it? Who was he, and where did he come 
from? Pieces of the story have been known 
among evolutionary biologists, just enough 
to make clear that the history was very 
strange and in the end very sad. We now wel- 
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come Oren Harman’s deeply researched life 
of Price. Harman, a historian of science at Bar 
Ilan University, tells Price’s story well. 

Price was born in New York in 1923. His 
father died early, and the family fortunes 
crashed with the stock market in 1929, lead- 
ing to much stress in family life. 
Price’s personality developed 
early: vain, brilliant, difficulty 
relating to others, but somehow 
always secure in his own inde- 
pendent ability to see problems 
clearly. He obtained a Ph.D. in 
chemistry at the University of 
Chicago, working as part of the 
Manhattan Project. His secret 
research won a competition for 
the best method to detect radia- 
tion exposure by fluorescent anal- 
ysis of urine samples. He moved from one 
science job to another—always recognized 
for his outstanding ability to solve problems 
but never staying long with any particular 
work. He was married, had two daughters, 
became restless, and was 
bitterly divorced. Moving, 
studying, and seeking, he 
published articles in lead- 
ing journals and magazines 
about extrasensory percep- 
tion, methods for the rapid 
design of new machines, 
and the arms race. He had 
ideas and often real insight 
on seemingly everything. 
But after his initial success, 
he rarely finished anything. 
Usually alone, he took 
lower-status jobs or did not 
work at all. 

Price had health prob- 
lems; a botched surgery 
caused partial paralysis. He 
obtained some insurance 
money in a settlement and, at 44, set off for 
England to begin again, to focus his mind, 
to make his reputation. Ambitious, certain 
of his ability, painfully aware of his failure, 
he increasingly felt the need to do good the 
only way he knew how—by his belief in clar- 
ity of analysis above all else. Day after lonely 
day in London libraries, Price slowly moved 
toward problems of evolution, altruism, and 
game theory. Maybe he could understand the 
biological roots of kindness, and do so more 
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deeply than others ever had. By some internal 
story, he perhaps felt that a success in such 
studies would assuage his prior failings, make 
his mark in life, and turn things around. 

Just as Price succeeds against all odds, 
making his three great contributions and 
touching on other topics, he starts on a series 
of religious conversions. Having scored, by 
pure reason alone, a triumph on biological 
altruism and the most abstract theories of 
natural selection, he loses faith in science and 
begins to study scripture with a zeal and ana- 
lytical power that scares his religious men- 
tors. Then even the scriptural analysis wanes, 
and he turns to help the downtrodden. Not 
just to help but to give all he has of his time, 
possessions, and love—to the point that he 
becomes as downtrodden as those he sought 
to help. Struggles and depression follow; at 
last, suicide. 

Harman takes us through all of this. But 
the book is much more ambitious than just 
a story of Price’s life and work: “Our tale 
teaches that the people doing science, their 
backgrounds, historical context, family his- 
tories, education, political views, religious 
affiliations, temperament—all play a role.” 
Harman supports this view by providing 
vignettes of Thomas Huxley’s atheism, Fish- 
er’s Anglicanism, Prince Peter Kropotkin’s 


Unmarked grave. Price's burial site, covered by brush to the left of 
the tombstone, Saint Pancras Cemetery, London. 


anarchism, and numerous other sketches of 
the faiths and world views of scientists who 
touched on problems of altruism and human 
morality in relation to biology. Each scientist’s 
accomplishments are seen in relation to wider 
aspects of personal faith and moral outlook. 
The book’s first part jumps between Price’s 
early life and an often dizzying patchwork of 
disparate scientific and personal biographies. 
Always interesting, these sketches often 
leave one off balance as the narrative spins 
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in another direction or back to Price’s emerg- 
ing story. The thesis does not come until the 
epilogue: “[O]ur story holds a deeper moral 
that may not be so easy to fathom: One of the 
pressing challenges of our times is defining 
the boundary between questions that can be 
addressed meaningfully by science and those 
that are outside its purview.” I do not find that 
moral hard to fathom. Personal meaning and 
scientific insight are distinct. 

Perhaps more interesting, Harman’s tell- 
ing of Price’s life implicitly but very strongly 
takes a stand on the origin of scientific insight. 
In Harman’s view, Price’s fundamental scien- 
tific work followed from his deep humanis- 
tic desires to contribute to the greater good. 
Similarly, Harman views Fisher’s great con- 
tributions to evolutionary theory through 
his reactionary Anglican social views. There 
can be no question that personal outlook can 
strongly influence a scientist’s work. But that 
humanistic perspective fundamentally misses 
an important component of scientific insight 
and accomplishment. To consider the com- 
plementary humanistic and coldly scientific 
perspectives, let us turn to Newton, perhaps 
the greatest of all scientists. 

John Maynard Keynes, who collected 
many of Newton’s manuscripts on alchemy 
and religion, saw Newton as “the last of the 
magicians” rather than “the first of the age 
of reason”: 


[Newton] looked on the whole universe 
and all that is in it as a riddle, as a secret 
which could be read by applying pure 
thought to certain evidence, certain mys- 
tic clues which God had laid about the 
world to allow a sort of philosopher’s 
treasure hunt to the esoteric brotherhood. 
He believed that these clues were to be 
found partly in the evidence of the heav- 
ens and in the constitution of elements ... 
but also partly in certain papers and tradi- 
tions handed down by the brethren in an 
unbroken chain back to the original cryp- 
tic revelation in Babylonia. He regarded 
the universe as a cryptogram set by the 
Almighty .... By pure thought, by con- 
centration of mind, the riddle, he believed, 
would be revealed to the initiate. (2) 


One could say that Newton’s mad, lonely 
pursuit was all about his dreams of the glory 
of his Christian god. But how much does that 
matter? In the personal history, in understand- 
ing motivation, it matters a lot. But whatever 
Newton thought he was doing, that has no 
bearing on the truth of force equals mass times 
acceleration, the bending of light, the calcu- 
lus, or the foundations of modern science. 
Anyone who has suffered the hard work of 
science knows of the duality of mind required. 
Motivation, personal belief, whatever it may 
be, is ephemeral and ultimately independent 


from the impersonal hard evidence and crit- 
ical testing that determine lasting scientific 
truths. It is a fine part of history to reconstruct 
researchers’ personal dreams of glory or god. 
Scientists may need such dreams to keep them 
going through the long, hard hours. But after 
the discovery, it is only the outed secret of 
nature that matters. Or so the scientist may 
feel. Whereas the historian, the humanist, will 
perhaps care more for the faith, the loneliness, 
the personal story of pain and ultimate victory 
against all odds. In those very human aspects 
of science, one may choose to see a mirror 
that reflects back meaning to one’s own per- 
sonal story. Nonetheless, all great scientists 
have a second, independent core of rational- 
ity that dominates in the long run. Despite 
the complexities of the tormented life that 
Harman recounts in The Price of Altruism, 
Price’s scientific contributions had that purity 
of complete and rational order—an austerity 
and abstractness from all humanistic consid- 
eration so complete that it stands alone in the 
history of evolutionary theory. 
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Imagination in Chemistry 


Peter J. Ramberg 


odern chemists routinely shuttle 
between the immediate empiri- 
cal, sensual characteristics of sub- 


stances in the laboratory and the invisibly 
small world of atoms and molecules. Like 
mathematicians, chemists do much of their 
thinking on paper, doodling chemical for- 
mulas or tinkering with hand-held molecular 
models. They think in a highly visual, non- 
verbal way. The origin of this way of think- 
ing lies in the middle of the 19th century, 
when an extraordinary group of chemists, 
most of them in Great Britain and Germany, 
developed productive techniques for reveal- 
ing the invisible world of the molecule. By 
1890, nearly all chemists could “see” what 
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molecules looked like at the 
microscopic level, meaning 
they had access to the explicit 
connections between atoms in 
the molecule and how those 
atoms are arranged in space. 
The ability to elucidate the 
structure of molecules down 
to the atomic level by purely 
macroscopic manipulation 
of chemicals is arguably one of the greatest 
intellectual accomplishments of 19th-cen- 
tury science. Yet in crafting their generalized 
accounts of past science, historians of sci- 
ence have largely ignored this achievement— 
equal in its importance to Darwin’s theory 
of natural selection. For example, two recent 
and prominent surveys of the history of mod- 
ern science do not discuss chemistry after the 
introduction of John Dalton’s atomic theory 
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in the very early 19th century (/, 2). Reading 
such histories, uninformed readers would get 
the impression that the science of chemistry 
was completed by 1810, when in fact, it was 
just getting started in visualizing 
the microstructure of our world. 
In Image and Reality, Alan 
Rocke (a historian of science at 
Case Western Reserve University 
and the author of several previous 
works on 19th-century organic 
chemistry) offers a masterful 
account of how chemists crafted 
a unique visual language of the 
microworld. The book spans the 50 
years from 1840 to 1890 but con- 
centrates on the period between roughly 1855 
and 1865, when chemists developed the struc- 
tural theory of organic chemistry. Rocke has 
previously described that period as a “quiet 
revolution,” because the change happened rel- 
atively quickly and without much controversy 
(3). Image and Reality highlights another 
extremely important dimension of the quiet 
revolution, demonstrating that it was dur- 
ing the development of the theory of chemi- 
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MOLECULAR BIOLOGY 


Hiding in Plain Sight 


Miriam I. Rosenberg and Claude Desplan 


he roles of RNA in protein synthe- 
[Ts are well known—as a template 
for translation of cellular proteins 
and as ribosomal and transfer RNA (tRNA). 
However, more recent studies have eluci- 
dated the intricate functions of other abun- 
dant types of RNAs, such as microRNAs 
(miRNAs) and small inhibitory RNAs 
(siRNAs), which control the expression 
of target messenger RNAs (mRNAs) (/). 
Despite this extensive catalog of functional 
RNAs, many transcribed RNAs still lack an 
obvious protein product or the characteristic 
structure of known functional RNAs. Except 
for a few examples involved in gene silenc- 
ing and imprinting (2, 3), the importance of 
so-called long noncoding RNAs (IncRNA) 
remains controversial (4, 5). On page 336 of 
this issue, Kondo et al. (6) show that an RNA 
called polished-rice (pri) has features of a 
IncRNA, but encodes tiny peptides that con- 
trol gene expression during development in 
the fruit fly Drosophila melanogaster. 
The pri gene was first identified as mille- 
pattes (mipt) in the flour beetle, Zribolium, by 
virtue of its developmental role in body pat- 
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terning (7). The same gene is responsible for 
the defects in leg, embryonic epidermis, and 
respiratory system of pri mutants [(also called 
tarsal-less (tal) in Drosophila (8, 9)]. Sur- 
prisingly, the gene underlying these impor- 
tant functions does not encode a single large 
protein or functional RNA, but rather four or 
five small peptides of 11 to 32 amino acids 
that are highly conserved among insects (/0). 
Unlike many bioactive peptides, Pri peptides 
are not processed from a longer precursor 
protein. Instead, the pri RNA is polycistronic 
and encodes several redundant units that are 
independently translated. 

Kondo et al. used the epidermal phenotype 
of the pri gene to investigate the function of its 
peptide products in the Drosophila embryo. 
Specialized epidermal cells build apical pro- 
jections (bristles) known as trichomes. A mas- 
ter gene, shavenbaby (svb), controls trichome 
formation: svb mutants lack trichomes, and 
svb expression determines where trichomes 
form. Indeed, most evolutionary changes in 
insect trichome patterning are due to modi- 
fications of svb cis-regulatory elements (//). 
svb encodes a multidomain transcription 
factor that activates expression of trichome- 
promoting genes (/2). pri mutants also lack 
trichomes and exhibit altered expression of 
svb transcriptional targets. They do not, how- 
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Micropeptides. Several small peptides 
are expressed from the [ncRNA pri. In 
Drosophila, proteolytic cleavage of the 
transcription factor Svb is directed by 
small Pri peptides. Other RNA, such as 
IncRNA or mRNAs with short open read- 
ing frames, may also generate peptides 
that direct cleavage or other modifica- 
tions of target proteins. 
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Small peptides encoded by a so-called 
long noncoding RNA play an active role 
in regulating gene expression. 


ever, affect svb expression. 

How does pri work with svb to differenti- 
ate trichomes in the epidermis? The critical 
interaction requires pri as a temporal switch 
during trichome formation. Pri peptides 
direct removal ofa large amino-terminal frag- 
ment of the Svb protein that contains a tran- 
scriptional repression domain. This removal 
switches Svb from a repressor to an activator 
of transcription (see the figure). In the absence 
of pri, Svb retains its repression domain, and 
thus prevents trichome formation. The ability 
of Pri peptides to direct proteolytic cleavage 
of a transcription factor within the same cell 
is anew function for bioactive peptides. How 
these peptides impart specificity to a protease 
(and to which protease) is still not clear. 

Because the pri/tal/mipt gene is highly 
conserved and is found in all insects, it is not 
merely a derived character of Drosophila. Fur- 
thermore, pri mutant flies have additional phe- 
notypes that do not require svb, so Pri peptides 
likely act on other proteins as well. Remark- 
ably, despite the sequence conservation of Pri 
peptides, their function in insects appears to 
have evolved rapidly: pri/tal does not seem to 
play a role in embryo segmentation in flies as 
mipt does in beetles. This highlights the excit- 
ing possibility of a new class of regulatory 
molecules with diverse and dynamic func- 
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tions that may be hiding in plain sight. 
Because of their small size, Pri peptides 
cannot be identified by genome annotation 
or by protein prediction algorithms whose 
threshold of detection is about 100 amino 
acids. Like the miRNA genes /in-4, let-7, or 
bantam, the pri/tal/mIpt gene was identified 
by classical forward genetics (starting with 
a mutant phenotype and then identifying the 
underlying gene). One exciting question that 
remains unanswered is how many functional 
peptides might be hidden among RNAs. 
Some might be encoded by short open read- 
ing frames found in 5’-untranslated regions 
of mRNAs. An estimated 40% of Drosophila 
mRNAs contain such uORFs and some show 
signs of evolutionary conservation, suggest- 
ing that they are translated (/3). Ribosome 
profiling, which sequences ribosome-bound 
mRNAs, has validated the translation of a 
number of uORFs in yeast (/4), and vertebrate 
genomes have similar percentages of uUORF- 
containing transcripts, which await similar 
analysis (/5). When added to the IncRNAs 
of unknown function, there are many places 


to look for additional regulatory peptides like 
Pri. If only some of these transcripts encode 
active peptides that possess multiple protein 
substrates, then the scope of posttranslational 
regulation could quickly expand. 

Small functional peptides could evolve 
rapidly. Random mutations that introduce 
start codons in existing IncRNAs (or within 
untranslated regions of coding mRNAs) 
could generate small peptides that are easily 
selected to perform a specific function. Many 
proteins (like Svb) have multiple functional 
domains, and proteolytic cleavage of one of 
these domains directed by small peptides 
may alter protein specificity, stability, local- 
ization, or function. A simple recognition 
code whereby small peptides act as adaptors 
to direct proteolytic machinery to different 
protein targets would make a small collec- 
tion of peptides highly serviceable. Adapting 
such small peptides to target proteins might 
open the way to new therapeutic approaches 
(such as antivirals). 

Why does nature need yet another mode 
of gene regulation? The same question was 


PERSPECTIVES 


raised for miRNAs and their modulatory role. 
The ability of small peptides to quickly alter 
activities of target proteins without elaborate 
and time-consuming translation of large pro- 
teins suggests a niche for these tiny players 
as temporal switches. Thus, the discovery of 
a regulatory mechanism for small peptides 
highlights how a different reading of the same 
genomes could reveal additional surprises. 
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BIOCHEMISTRY 


Reengineering Enzymes 


Stefan Lutz 


he versatility and proficiency of 
| enzymes makes them promising cata- 
lysts for the laboratory and for indus- 
trial synthesis of organic molecules, yet natu- 
ral biocatalysts often do not meet the scientists 
and engineers’ expectations in regards to sta- 
bility, selectivity, and specificity. On pages 309 
and 305 of this issue, two different approaches 
show how enzymes can be engineered to 
make them part of the organic chemist’s tool- 
kit. Using a first-principles approach, Siegel et 
al. (1) applied the Rosetta design software to 
create an enzyme that performs the stereose- 
lective, intermolecular Diels-Alder cycload- 
dition, a reaction of great value to organic 
synthetic chemistry. In contrast, Savile et al. 
(2) used structure-based rational design and 
directed evolution to reprogram the substrate 
specificity and stability of a native transami- 
nase to replace a rhodium-based hydrogena- 
tion catalyst in the production of an antidiabe- 
tes compound, sitagliptin. 
The enzyme design reported by Siegel et 
al. is the latest example of synthetic biocata- 
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lysts for Diels-Alder cycloadditions (3-3). In 
this reaction, a conjugated diene (a molecule 
with two adjacent double bonds) and a dieno- 
phile (that donates one double bond) form a 
cyclic product by the simultaneous formation 
of two new chemical bonds. The Diels-Alder 
reaction enjoys great popularity among chem- 
ists for the rapid and stereoselective assembly 
of complex molecules and natural products 
(6, 7), yet there are only two confirmed exam- 
ples of naturally occurring Diels-Alderases 
(DAs), and both catalyze only intramolecular 
cycloadditions (8, 9). 

Tackling the challenge to create a syn- 
thetic DA for intermolecular cycloaddition, 
Siegel et al. began with a computational 
model of the transition state, which sets the 
geometrical arrangement of the two sub- 
strates in the enzyme active site. The sub- 
strates’ electronic properties were modulated 
by placing hydrogen-donating and accepting 
amino acid side chains near the dienophile 
and diene, respectively, to lower the energy 
barrier to reaction (see the figure, panel A). 
Based on this core design, quantum-mechan- 
ical simulations then generated an ensemble 
of ~10!° so-called theozymes, which varied 
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First-principles design and directed 
evolution expand the role of enzymes 
in chemical synthesis. 


the two assisting amino acid side chains and 
their orientation relative to the model of the 
transition state. 

In a massive computational undertaking, 
the RosettaMatch algorithm next matched 
all of the theozyme conformers against a 
library of 207 protein scaffolds (known pro- 
tein folds) to identify ~10° theozymes that fit 
into one or more of the scaffolds. The authors 
subsequently used a combination of Roset- 
taDesign software and scientific intuition to 
optimize the active site geometry of selected 
candidates and to eliminate questionable 
designs. Of the remaining 84 candidates that 
they synthesized by protein expression, two 
designs, DA_20_10 and DA_42_04, showed 
small but significant increases in DA activ- 
ity relative to the uncatalyzed reaction. After 
additional fine-tuning of selected residues in 
the active sites by site-specific mutagenesis, 
these enzymes matched the performance of 
catalytic antibodies for this reaction, and did 
so with excellent stereoselectivity and for 
multiple reaction cycles. 

Built on first principles, these enzyme 
designs not only test our understanding of 
protein structure and function but also allow 
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prediction and exploration of individual 
mutations on the overall performance of the 
biocatalyst. In DA_20_10, each of 15 amino 
acid changes contributed to the new catalytic 
function, and the effects of intricate design 
differences, such as the choice of a glutamine 
over a glutamate as hydrogen acceptor, were 
predicted accurately. 

The work by Siegel ef al. is a milestone in 
enzyme design, extending the application of 
the Rosetta algorithm for de novo biocatalyst 
design beyond reactions that break bonds in 
a single substrate, such as the Kemp elimi- 
nation and retro-aldolase reaction (0, //). 
Nevertheless, the rates of these DAs are still 
slow compared with most native enzymes. 
The discrepancies in catalytic performance 
between native and synthetic biocatalysts 
suggest that there are major contributing fac- 
tors to enzymatic activity that have not been 
considered in our current designs. For exam- 
ple, protein dynamics and the functional 
contribution of correlated motion to cataly- 
sis in enzymes remain an intriguing but con- 
troversial factor yet to be explored in design 
approaches (/2, /3). 

Savile et al. describe a more pragmatic 
approach to the tailoring of a biocatalyst. 
Undesirable process conditions and problems 
with product quality during the asymmetric 
rhodium-catalyzed hydrogenation step in the 
production of the antidiabetes compound, 
sitagliptin, spurred their exploration of a 


Scaffold fitting 


Structure-based enzyme redesign 


Directed evolution 


a ) Ns 
7 
a 


—— 


Tailoring enzymes to specific reactions. (A) Siegel et al. designed an enzyme to 
perform the Diels-Alder reaction between two molecules based on first principles. 
They computer-generated a large ensemble of structures in which two key amino 
acids in the active site (depicted in red and blue) are bound to the transition state. 
These structures were fitted to a protein scaffold, and target enzymes were then 
designed and synthesized. (B) Savile et al. reprogrammed the substrate specificity 
of a transaminase to perform a reaction in the industrial production of an antidia- 


betes drug, sitagliptin. Mutational hot spots shown in red are in the active site, and 
those shown in yellow stabilize binding of the dimeric form of the active enzyme. 


transaminase substitute. Transaminases are 
enzymes that catalyze the enantioselective 
transfer of an amino group from a donor sub- 
strate via a pyridoxamine intermediate onto 
the carbonyl group of an acceptor substrate. 
Savile et al. envisioned a direct transamina- 
tion of prositagliptin ketone (see the figure, 
panel B). This approach would shorten the 
process by one step and improve product 
quality by taking advantage of the high stereo 
and enantioselectivity of the enzyme. 

However, initial screening of native 
transaminases quickly established the absence 
of any detectable enzymatic activity for bulky 
substrates such as prositagliptin ketone (the 
immediate precursor to the final product). 
Furthermore, process conditions demand 
high substrate concentrations, which can be 
achieved with the poorly water-soluble pro- 
sitagliptin ketone only by adding organic sol- 
vent and raising temperatures, either of which 
diminishes enzyme lifetime. 

Savile et al. used structure-based ratio- 
nal design followed by directed evolution to 
alter the substrate specificity and improve the 
stability of ATA-117, a transaminase from 
Arthrobacter sp. (14). They first used dock- 
ing studies between a homology model of 
ATA-117 and prositagliptin ketone to iden- 
tify potential steric conflicts and unfavorable 
interactions in the enzyme active site that 
prevent substrate binding in native enzymes. 
Guided by the computational model, the bind- 


ing pocket for the substrate’s triazolo pipera- 
zine moiety could be optimized by site-satu- 
ration mutagenesis of a single position while 
substitutions in three positions expanded the 
binding pocket for the trifluorophenyl group. 
Although the catalytic activity of the result- 
ing ATA-117 variant for prositagliptin ketone 
was rather low, the establishment of detect- 
able transaminase activity for the target sub- 
strate at this stage was critical to the subse- 
quent directed evolution protocol (/5, 16). 

They next applied 10 rounds of directed 
evolution, using a combination of site-satura- 
tion and random mutagenesis, as well as DNA 
shuffling, to select transaminase variants with 
the highest catalytic activity while raising the 
fraction of organic solvent to 50%, the reac- 
tion temperature to 40°C, and the prositaglip- 
tin ketone concentrations to 200 g/l. The best 
enzyme variant not only met these selection 
criteria but performed the desired transamina- 
tion with >99.9% enantiomeric excess. Its 27 
amino acid substitutions were found not only 
in the enzyme active site but also in a second 
hot spot at the protein-protein interface of the 
ATA-117 homodimer, where they likely help 
to stabilize the protein. Overall, the work by 
Savile et al. is an impressive demonstration 
of tailoring enzymes to specific requirements 
and the potential of biocatalysis to revolu- 
tionize chemical processes in industry. 

The reports by Siegel et al. and Savile 
et al, are a testimony to our current under- 
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standing of enzymes. While the successful 
design of DAs illustrates the advances (and 
limitations) in our knowledge of biocataly- 
sis fundamentals, the customized transami- 
nase shows our technical capabilities to 
effectively manipulate existing enzymes. 
Together, our current design and directed 
evolution methods offer the possibility to 
create new enzymes to meet specific reaction 
requirements for a wide range of synthetic, 


industrial, and therapeutic applications. 
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ECONOMICS 


Consumers Who Care 


Stefano DellaVigna 


eople care about others 

and have concerns for 

fairness. In a nutshell, this 
was the finding of early labora- 
tory experiments in economics 
(1, 2). That people parted with 
their own money either to ben- 
efit anonymous others or to pun- 
ish unfair subjects, rocked the 
economic model of selfish deci- 
sion-makers. But how exactly do 
people care? Although econo- 
mists have made great progress 
in parsing the exact nature of this 
concern in laboratory experi- 
ments, little is known about how 
concern for others plays out in 
consumer markets and in cor- 
porate decision-making (3). On page 325 
of this issue, Gneezy et al. present some 
interesting evidence in this regard (4). Their 
results indicate that the impact of consumer 
concerns about fairness can be at once pow- 
erful and subtle. 

Gneezy ef al. investigated the extent to 
which social preferences—such as a taste for 
fairness and concern for the public good—can 
increase the sale of a product. Their focus was 
not on a fair-trade product such as coffee, in 
which concern for the welfare of farmers read- 
ily translates into higher willingness to pay for 
a product. Rather, the question the authors 
addressed was whether a company can benefit 
from appearing altruistic even when the prod- 
uct is as pedestrian as a souvenir photo taken 
at an entertainment park. In brief, the answer 
is yes, but the devil is in the details. 

Gneezy et al. investigated consumer 
behavior in four situations. In one case, a 
company selling photos charged consumers a 
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standard price with no charitable contribution 
announced. In another scenario, photos were 
sold at whatever price the consumer named— 
a “pay-what-you-want” condition. The latter 
was extremely successful in raising sales by 
a factor of 16 relative to the standard price 
situation. However, the average price offered 
by consumers was so low that the company 
barely recovered the costs of printing and 
selling a photo. Even though the pay-what- 
you-want offering presumably showed gener- 
osity or at least fairness by the company, and 
sales skyrocketed, profits tanked. This option 
thus makes no sense businesswise. 

In another condition, the company retained 
standard pricing but stated that it would give 
half of the proceeds to charity. This scenario 
did indeed raise sales, but only by 18%. The 
revenue gains are small, or even negative, if 
one subtracts from the revenue the amount 
given to charity. This result is similar to 
observed patterns for sellers on eBay. When 
a seller on eBay advertises that 10% of the 
proceeds will be devoted to a charity, the sale 
price of an item (which is determined by con- 
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Can consumers and businesses benefit from 
socially responsible pricing? 


Making the sale. Consumer concern 
for fairness can influence markets and 
business decisions. 


sumers) increases, but only by 
2% (5). 

In another treatment, the 
company upped the ante on the 
appearance of generosity and 
altruism, offering pay-what-you- 
want, of which 50% would go 
to charity. This treatment raised 
sales by a factor of 10 relative to 
the standard pricing with char- 
ity, and the average sale price 
was sufficiently high to guaran- 
tee a generous profit margin. The 
combination worked for the com- 
pany. But why was this option not as success- 
ful in raising sales as the straight pay-what- 
you-want strategy? Certainly, a generous offer 
by the company can trigger additional sales. 
But many of the additional sales are likely to 
be “cheapskates” (so-called free-riders) who 
purchase at very low prices. Hence, offers 
such as pay-what-you-want have the poten- 
tial to ruin a business if consumers purchas- 
ing at very low prices are sufficiently com- 
mon. When the photo company coupled 
pay-what-you-want with offering money to 
charity, these cheapskates abstained from 
buying rather than paying more for a photo 
and engaging in altruistic behavior. 

This result has interesting implications for 
understanding social preferences. One possi- 
bility is that charitable giving by a company 
triggers a generous, altruistic response, such 
that cheapskates restrain and “reciprocal” 
customers (those that act mutually in return 
with generous actions) buy at moderate or 
high prices. This impulse is strong enough to 
generate purchases of high enough prices in 
the condition that links pay-what-you-want 
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with charitable giving, but not strong enough 
such that costumers would spend as much 
as the standard price (which is higher) when 
coupled with charity. An alternative interpre- 
tation is that the charitable giving by the com- 
pany does not trigger additional generosity 
by the consumer, but rather creates additional 
social pressure. Thus, in the presence of the 
charitable-giving offer, a consumer may feel 
bad about not making a purchase or about 
paying a very low price. 

The two explanations are not equivalent. 
If consumers give because of social pres- 
sure, they will dislike being offered the photo 
with the charity option because this raises the 
social pressure to give. Instead, genuine altru- 
ists are happy to be offered the charity option 
because they feel good about giving. This dis- 
tinction dictates the welfare consequences of 
the corporate strategies studied by Gneezy 
et al.: If giving is due to social pressure, the 
socially responsible pricing by the company 
can make the consumers worse off by raising 
the social pressure costs of not buying. 

Recent work separates the two explana- 
tions in the context of a door-to-door fund- 
raising campaign (6). A standard fund-raiser 
was compared to one in which a flyer was 
placed on doorknobs to notify households 1 


day in advance of an upcoming fund-raising 
visit. The flyer condition lowered the num- 
ber of households who contributed money, 
particularly the ones giving small amounts. 
Thus, when caught at home, households gave 
(small) amounts because of social pressure, 
but when notified, did not participate at all in 
giving by avoiding the solicitor. 

To test for the two interpretations in the 
context of the Gneezy ef al. study, it would 
be interesting to run the following additional 
experimental sessions: For two parallel events 
in the entertainment park, offer the pay-what- 
you-want with charity option in one, and the 
standard price payment in the other. If con- 
sumers make purchases as a result of social 
pressure, they should opt for going to the 
event with the standard price offer so as to 
avoid paying the social-pressure cost. If, how- 
ever, giving is driven by genuine reciprocity, 
the consumers should be happy to choose the 
pay-what-you-want with charity option. 

Another question that the Gneezy ef al. 
study raises is the extent to which the com- 
pany could have done even better if they had 
offered a lower fixed price coupled with the 
charity option. In this case, one could have 
avoided altogether the free-riders, while 
taking advantage of the positive social pref- 


erences triggered by the charity option. One 
could therefore test whether the pay-what- 
you-want condition is by itself perceived 
as generous. 

What is obvious from the study by Gneezy 
et al. is that incorporating social preferences 
into consumer pricing is an interesting but 
tricky business. The key advantage of a field 
experiment like that by Gneezy ef al. is the 
possibility to easily study variations. And like 
laboratory experiments, field experiments 
that are run in corporations and organizations 
(6) should allow the design of conditions 
to provide new evidence and test models of 
social preferences. 
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The Ongoing Mystery of Sea-Floor 


Methane 


Marc Alperin’ and Tori Hoehler’ 


ach year, ocean sediments produce 
E: quantity of methane equivalent to 

about half of the methane emitted to 
the atmosphere from all natural sources (/). 
Very little of the methane produced below the 
sea floor, however, reaches the ocean or the 
atmosphere; most is consumed by anaero- 
bic microorganisms as it diffuses up through 
oxygen-poor (anoxic) sediments. Research- 
ers recognized this process, known as anaer- 
obic methane oxidation (AMO), nearly 35 
years ago (2), but it remains poorly under- 
stood. Investigators have not been able to 
firmly establish the reaction mechanism, fully 
understand the factors that control oxidation 
rates, or isolate the responsible organisms. 
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This represents a gaping hole in our under- 
standing of one of Earth’s primary sinks for 
methane. Recent studies of a rare but intrigu- 
ing sedimentary environment—sea-floor seeps 
of methane-rich fluids—have provided new 
insights into the microorganisms that inhabit 
methane-rich sediments, but raised new ques- 
tions regarding reaction mechanisms. 

Early studies of AMO focused on quies- 
cent anoxic sediments where molecular dif- 
fusion is the dominant process for transport- 
ing methane. Geochemical techniques have 
provided unequivocal evidence—shown 
to be internally consistent by mass balance 
calculations (3, 4)—that net methane con- 
sumption occurs in these sediments. Such 
geochemical data, however, provide only 
indirect evidence regarding the identity of 
the microorganisms involved. 

Recent AMO studies have focused on 
sediments associated with dynamic methane 


Our understanding of a major methane sink 

is based on studies of quiescent sediments 
and dynamic seeps. But do the same processes 
operate in both environments? 


seeps, where rapid advection of methane-rich 
fluid supports dense populations of microor- 
ganisms. The complex transport physics in 
seeps makes it nearly impossible to defini- 
tively document net methane oxidation by the 
geochemical “gold standard” of mass balance. 
The abundant biomass, however, makes seeps 
ideal for applying novel methods for identify- 
ing and characterizing microorganisms. 

In some of the earliest work in seep sedi- 
ments, Hinrichs et al. (5) found extreme °C 
depletion in lipids that are specifically associ- 
ated with archaea. Methane was regarded as 
the only possible source of carbon for these 
“light lipids,” and their detection is now 
widely considered to be a proxy for the pres- 
ence of anaerobic microbes that are consum- 
ing (oxidizing) methane (6). Recent experi- 
mental (7) and theoretical (8) studies, how- 
ever, have complicated this picture, suggest- 
ing that “light” lipids can also be attributed to 
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archaea that produce, not oxidize, methane. 

Similar complications now surround 
microbial aggregations discovered in seep 
sediments by Boetius ef al. (9). Using flu- 
orescent-labeled ribosomal RNA probes, 
the researchers observed spherical aggre- 
gates composed of an inner core of archaea 
surrounded by sulfate-reducing bacteria. 
Orphan et al. (10) showed that cell carbon in 
the interior of these aggregates is highly °C 
depleted, and so concluded that the archaea 
must be engaged in methane oxidation. A 
recent study, however, showed that cell car- 
bon in the interior of some aggregates is 
enriched in °C compared to methane (//). 
The authors suggest that at least some of 
these archaea are producing rather than oxi- 
dizing methane, using substrates produced 
by the fermentation of organic matter. 
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Methane pathways. Microorganisms may process methane by dif- 
ferent mechanisms in quiescent ocean sediments (A) and dynamic 
methane seeps (B). In (A), methane oxidation is most active at 
the interface between the sulfate reduction zone (yellow) and the 
methane production zone (green). Here, methane oxidation is best 
explained by a consortium involving methanogenic archaea (red) 
that oxidize methane to CO, and H., and sulfate-reducing bacteria 
(green) that consume H.,. In contrast, at seeps (B) methane process- 
ing appears to be most active in near-surface sediments and involve 
aggregates of methanogen-like archaea (red) and sulfate-reducing 
bacteria (green). Here, archaea may be engaged in methane oxida- 
tion coupled to sulfate reduction via interspecies electron transfer 
facilitated by conducting filaments (“nanowires”), or in methane 


production fueled by organic matter fermentation. 
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Are the same microbial mechanisms and 
processes operating in dynamic seeps and 
quiescent sediments? Perhaps not, since the 
two environments differ dramatically in terms 
of methane concentrations and fluxes. 

AMO in diffusion-dominated sediments 
[such as those found in Skan Bay, Alaska (3)] 
typically occurs decimeters to meters below 
the surface, at the base of the sulfate reduc- 
tion zone. Here, methane concentrations are 
moderate (~1 mM), sulfate concentrations are 
substantially reduced relative to seawater, and 
the most reactive organic matter has already 
decomposed (see the figure, panel A). In con- 
trast, in seeps [such as Hydrate Ridge off Ore- 
gon (9)], methane processing is most active in 
near-surface sediments that are rich in meth- 
ane (~80 mM), sulfate, and fresh organic mat- 
ter derived from bacterial mats and associated 
chemosynthetic communities 
(see the figure, panel B). 

Mass transport rates and 
the associated fluxes of energy 
differ even more dramatically 
between the two environments. 
In Hydrate Ridge seeps, for 
instance, the upward flux of 
dissolved methane is more than 
100 times greater than at Skan 
Bay (8). Much of the upward 
flux reaches the sediment-water 
interface (12), where consump- 
tion by aerobic bacteria would 
deliver an energy yield that 
is 30 times higher relative to 
AMO. Combined, the higher 
methane flux and energy yield 
in Hydrate Ridge deliver an 
energy flux that is 3000-fold 
larger than in Skan Bay. 

More than 30 years ago, 
Zehnder and Brock (/3) pro- 
posed that AMO could be medi- 
ated by methane-producing 
archaea operating “in reverse,” 
if the electrons produced from 
methane oxidation are effi- 
ciently transferred to a partner 
organism (e.g., a sulfate-reduc- 
ing bacterium). Recently, inves- 
tigators have used micrometer- 
scale diffusion-reaction mod- 
els to estimate the upper limits 
on rates of such cooperative or 
“syntrophic” AMO for a vari- 
ety of electron carriers (/4, 
15). In diffusion-dominated 
systems, measured AMO rates 
are attainable via any of several 
molecules as an electron carrier 
(e.g., H,, formate, or acetate). 
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So far, however, only for H, are porewater 
concentrations consistent with thermody- 
namic requirements for AMO (1/6). 

When applied to seep systems, the same 
models show that reported reaction rates are 
orders of magnitude too high to be accounted 
for by interspecies electron transport using 
any conceivable chemical. AMO is possible 
at the reported rates, however, if electrons 
are transferred between archaea and sul- 
fate-reducing bacteria through electrically 
conductive structures (“nanowires’’) at rates 
much faster than allowed by molecular dif- 
fusion (/4). Investigators, however, have not 
yet documented interspecies electron trans- 
fer through nanowires. Another explanation 
for the high reaction rates reported from 
seeps is that archaea believed to be meth- 
ane oxidizers are in fact producers, using 
the high fluxes of H, and other fermentation 
products that are expected as the abundant 
organic matter in these systems decomposes 
(15). Such methane production is well doc- 
umented in other high-energy-flux environ- 
ments, such as fish farm sediments. 

Solving the sea-floor methane mystery 
will involve studies that integrate micro- 
biological and geochemical approaches 
across these two distinct environments. At 
seeps, however, it has proven challenging to 
establish the accuracy of interpretations of 
geochemical data, because of the complex 
transport physics in these systems. Identify- 
ing the mechanism and organism responsi- 
ble for AMO will finally explain how a pro- 
cess with minimal energy yield can serve as 
an efficient biological filter for sedimentary 
methane. Will future studies reveal a com- 
mon AMO reaction mechanism and organ- 
ism or a novel pathway for interspecies elec- 
tron transfer? If the past is any guide, we 
may be in for some surprises. 
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OCEAN SCIENCE 


When Still Waters Ran Deep 


Thorsten Kiefer 


G ‘LD eep water” and “bottom 
water’—the waters that fill the 
deep parts of ocean basins— 

form when surface waters become dense and 
sink. Today, this occurs in the northern North 
Atlantic and around Antarctica, but not in the 
North Pacific. There, surface waters do not 
become dense enough to sink more than a few 
hundred meters. In the past, however, it seems 
things were different. Recently, Okazaki et al. 
offered new insight into the ancient history of 
the ocean from radiocarbon data and model- 
ing analyses (/). They suggest that deep water 
formed in the North Pacific at the beginning 
of the transition out of the last ice age. 

In the North Atlantic, winter cooling 
causes salt-rich surface waters to gain density 
and sink. Around Antarctica, the formation 
of sea ice causes surface waters to become 
saltier and denser. Neither of these processes, 
however, works effectively in today’s North 
Pacific. There, Warren concluded that surface 
waters, relative to the underlying layers, con- 
tain too little salt to sink, even if cooled (2). 
Generally, the Pacific is much less salty than 
the Atlantic. A number of processes help to 
maintain this salinity difference. For instance, 
a large quantity of atmospheric moisture 
(about equivalent to the discharge of the Ama- 
zon) crosses the Central American Isthmus to 
the Pacific. A similar quantity of fresh water 
may come from monsoon precipitation origi- 
nating in the Indian Ocean (3). On a regional 
scale, the exceptionally low surface salinity 
in the subpolar North Pacific is the result of 
greater precipitation than evaporation due to 
rain associated with the Pacific storm track 
and prevailing cool surface temperatures. The 
low salinity is further maintained by a zonal 
circulation pattern that minimizes the trans- 
fer of warm, salty subtropical waters. Emile- 
Geay et al. further concluded that the north- 
ern moisture flux of the Asian monsoon might 
transport substantial amounts of fresh water 
into the subpolar North Pacific (4). Together, 
these processes maintain robust stratification 
by salinity in the North Pacific and paralyze 
any potential vertical overturning. Very dif- 
ferent conditions would be required to make 
the Pacific a place where water can sink to 
substantial depths. Yet the data presented by 
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Near the end of the last ice age, the Pacific 
appears to have played a bigger role in 
forming deep ocean waters than it does today. 
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Deep history. During Heinrich event 1, a major glacial melting period terminating the last ice age, a set of 
atmospheric and oceanic changes appear to have enabled the formation of deep water in the North Pacific. 


Okazaki et al. convincingly suggest that the 
conditions existed for such deepwater forma- 
tion at the beginning of the last deglaciation. 
Recovering the history of Pacific Merid- 
ional Overturning Circulation (MOC) is a 
tricky task because the preservation of cal- 
cium carbonate shells—the main source of 
the geochemical data used to reconstruct past 
environments—is particularly poor in the 
deep Pacific. Nonetheless, over the past two 
decades, paleoceanographers have produced 
a fair number of mostly geochemical records 
related to the northern Pacific MOC of the 
last deglaciation (5—7). The uncertainties 
were often too large, however, to safely infer 
a circulation history from single data sets. 
Okazaki et al. bypass some of these dif- 
ficulties by making three pragmatic strategic 
choices. First, as the crown witness for over- 
turning circulation, the authors compare the 
radiocarbon ('4C) ages of the shells of sea- 
floor (benthic) and sea surface (planktonic) 
organisms found in the same samples of sea- 
floor sediments (8). If the ages converge, the 
researchers assume the benthic organisms 
grew in deep water formed nearby; if the ben- 
thic shells are much older, they assume the 
deep water formed far from the sampling loca- 
tion. Relative to other geochemical proxies for 
MOC, this benthic-planktonic '4C difference 
is conservative (i.e., less sensitive to local con- 
ditions and postdepositional alteration in the 
sediment). Second, their database is a com- 
pilation of all previously published radiocar- 


bon records from the North Pacific, which 
increases the robustness of the deepwater his- 
tory and reveals the spatial structure of the 
reconstructed ocean circulation. Third, they 
recalculate the radiocarbon chronologies of 
sediment cores, but with no attempt to obtain 
submillennial precision. Such chronologies of 
Pacific sediments are usually based on shaky 
ground because the old Pacific waters provide 
large potential for spatial and temporal vari- 
ability of the water masses’ radiocarbon age 
relative to the atmosphere (9). The authors 
account for the age uncertainty simply by 
reflecting it quantitatively in their data set and 
accepting limitations on its interpretation. 

Notably, the compiled and reprocessed 
data show that, from approximately 17,500 to 
15,000 years ago, water masses near the sea 
floor in the northwestern Pacific (as deep as 
2800 m) were, relatively, only a little older 
than the surface water and the atmosphere. 
This suggests a rejuvenation of the water 
masses at depth, most plausibly by deep sink- 
ing of surface waters. 

This period coincides with a period of 
major meltwater input into the North Atlantic 
known as Heinrich event | (H1), which was 
fed by the early deglacial retreat of Northern 
Hemisphere ice sheets. During that time, data 
and simulations suggest that the formation of 
deep water, and hence ocean overturning in 
the North Atlantic, was greatly reduced. So it 
seems the North Pacific was the more active 
engine for MOC in the Northern Hemisphere 
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during several millennia at the beginning of 
the transition out of the last ice age. 

A simulation does provide support for 
a scenario in which a freshwater input into 
the North Atlantic results in deepwater for- 
mation in the North Pacific (see the figure). 
The fresh water reduces the Atlantic MOC, 
which results in sea surface cooling in the 
North Atlantic. The modified temperature 
gradient displaces the Intertropical Conver- 
gence Zone southward, in both the Atlantic 
and the Pacific. This retains more moisture 
in the Atlantic watershed east of the South 
American Cordillera, rather than exporting 
it into the tropical Pacific. The less diluted 
tropical Pacific surface waters become salt- 
ier and are advected by ocean currents into 
the subpolar North Pacific. There, winter 
cooling makes them dense enough to sink to 
depths of up to 3 km and to spread south- 
ward in a deep western boundary current. 
Once the sinking of surface water is estab- 
lished on a large scale, it initiates a positive 
feedback by being replenished by more sub- 
tropical waters. The continued advection of 
salt further increases the density of North 
Pacific subpolar waters. In addition, the 
associated sea surface warming in the north- 
eastern Pacific increases local evaporation, 
further stabilizing the Pacific MOC. 


Paleoclimatic data confirm that during 
H1, several favorable conditions coincided 
to allow North Pacific deep water to form. 
Seawater oxygen isotope reconstructions on 
both sides of the Central American Isthmus 
support the idea that the tropical Atlantic- 
Pacific freshwater export was reduced (/0). 
In addition, the summer monsoon in south- 
eastern Asia was weak during H1 (//, /2), 
which may have reduced the moisture trans- 
port from the Indian Ocean into the Pacific 
catchment and the atmospheric transport of 
fresh water into the subpolar Pacific (see the 
figure). Finally, sea level was still low, so that 
the Bering Strait was closed (/3), allowing 
the gradual buildup of salinity in the subpo- 
lar North Pacific. 

The data, however, are not unambiguous. 
In particular, the timing of changes in Pacific 
circulation needs to be more tightly con- 
strained before firmly inferring synchronicity 
with H1 and associated changes worldwide. 
Other challenges include confirming the 
increased Pacific MOC during H1 with other 
proxy records, finding out whether North 
Pacific deep water also formed during other 
meltwater events, and confirming the model 
result with alternate modeling approaches. 

Regardless of the open questions, the 
study is an excellent example of the knowl- 
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edge that can be extracted from data com- 
pilations and data-model comparisons. A 
fundamental insight is that the global ocean 
MOC has not always been bipolar, but var- 
ied among three “poles,” including the 
Pacific. Modelers who compare their results 
with paleoceanographic MOC data (/4) 
should divert some of their attention from 
the Atlantic to check whether they can get 
the Pacific right as well. More generally, cli- 
mate scientists need to abandon their Atlan- 
tic-centric view and adopt the Pacific Ocean 
as an active player. 
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Sickle Cell Disease at 100 Years 


Stuart H. Orkin' and Douglas R. Higgs” 


100th anniversary is often a cause for 

celebration. However, next week’s 

First Global Congress on Sickle Cell 
Disease in Accra, Ghana, marking the cente- 
nary of the description of the disease (/), is a 
sober reminder that we have far to go to meet 
the global challenges posed by this disorder. 
Just over 60 years ago, sickle cell disease 
(SCD) was heralded as the first “molecular” 
disease (2), resulting from a single amino acid 
substitution in the B-globin chain of hemoglo- 
bin (HbA). Adult hemoglobin is a tetramer 
of two o-globin and two B-globin polypep- 
tides (a,B,). Despite extensive characteriza- 
tion of the properties of sickle hemoglobin 
(HbS, o,B%,) and red blood cells contain- 
ing HbS, and 30 years of analysis of globin 
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genes, consistently effective therapy for indi- 
viduals with SCD remains elusive. The World 
Health Organization estimates that many of 
the more than 200,000 babies with SCD born 
annually in Africa will die before the age of 5 
years from anemia and infection (3, 4). In the 
United States, approximately 50,000 individ- 
uals are afflicted with SCD. The global need 
to develop uniformly effective and inexpen- 
sive therapy is enormous, and growing. 

The tendency of HbS to polymerize at low 
oxygen tension leads to deformation of red 
blood cells into the characteristic sickle shape 
(5). These inflexible cells clog small blood 
vessels and cause intermittent occlusion, 
with ensuing tissue damage, pain, and ane- 
mia. Strokes, pulmonary infarction, and car- 
diovascular damage cause considerable mor- 
bidity. Therapy is mainly hydration, antibiot- 
ics, and blood transfusions, but in resource- 
poor countries, most patients receive little or 
no such care. Fifteen years ago, hydroxyu- 
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Effective strategies to treat sickle cell disease 
could involve manipulating the type of 
hemoglobin produced in patients. 


rea was made available for treating SCD (6), 
reducing the incidence of pain in some cases, 
through largely unknown mechanisms. The 
sole “cure” for SCD is bone marrow trans- 
plantation, but it works best with matched 
donors. Proof-of-principle experiments in 
gene therapy and gene repair with induced 
pluripotent stem (iPS) cells (7) provide ratio- 
nales for ongoing research into alternative 
curative strategies. Although prospects for 
gene therapy have improved with recent tri- 
als in patients with B-thalassemia (in which 
B-globin is inefficiently produced) (8), such 
a resource-intensive treatment is unlikely to 
succeed globally. Similarly, formidable hur- 
dles in generating and expanding blood stem 
cells from human iPS cells prevent consider- 
ation of this regenerative medicine approach 
in the near future. 

Although all individuals with SCD have 
the same mutation in the B-globin gene, dis- 
ease severity varies widely. The concentra- 
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{Hemoglobin genes | 


tion of fetal hemoglobin 
(HbF, o,y,) is a major 
genetic contributor to 
this variability. HbF, the 
predominant hemoglo- 
bin produced during fetal 
life, is generally present 
at very low concentra- 
tions (~1%) in adults, 


Chromosome 16 
o-globin 
gene cluster 


Chromosome 11 
B-globin 
gene cluster 


5! ssa 3? 
‘oint mutation (B*) 
in sickle cell disease 


P 


apeutic implications for 
directed reactivation of 
HbF in adults. Presum- 
ably, additional regula- 
tors will be discovered 
with ongoing research. 
Decreasing BCLIIA 
expression by RNA inhi- 
bition induces the produc- 


and is largely restricted 


Hemoglobin development | 


to a small population of 
red blood cells (called 
F cells). The low con- 
centration of HbF var- 
ies among individuals 
and is highly heritable as 
a quantitative trait. HbF 
reduces the tendency of 
HbS to polymerize, a 
salutary effect that has 
been appreciated for 
many years. Indeed, in 
1948, it was hypothe- 
sized that residual HbF 
in infants with SCD 
explained the absence of 
sickle cells and disease 
symptoms (9). 

As the switch from y- 
to B-globin gene expression occurs after birth, 
HbF (0.,y,) is replaced by HbS (o,B%,), and 
symptoms of SCD ensue. Pain, the simplest 
measure of disease severity, is influenced by 
the amount of HbF present (/0). HbF concen- 
trations above ~15% of the total adult hemo- 
globin are frequently associated with rela- 
tively benign disease symptoms. Thus, reacti- 
vating HbF expression in SCD patients, even 
to a modest degree, could be a highly effec- 
tive therapy. However, a lack of understanding 
how the “hemoglobin switch” is regulated has 
thwarted progress on this front. 

The hemoglobin switch results from a tran- 
sition of y- to B-globin gene expression during 
human development (see the figure). The DNA 
sequence of the human f-globin gene cluster 
on chromosome 11 was determined nearly 
30 years ago. Much has been learned since 
about regulatory elements within the cluster 
and the individual globin genes (5). Rare ger- 
mline deletions within the human B-globin 
gene cluster, as well as specific mutations in 
the y-gene promoters, are associated with sub- 
stantial HbF production in adults. Yet, trans- 
acting regulators of the hemoglobin switch 
have remained mysterious. 

New findings provide hope that a detailed 
understanding of the hemoglobin switch 
may be forthcoming and translated into 
mechanism-based approaches to reacti- 
vate HbF production in SCD (as well as in 
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The hemoglobin switch. The fetal (y) and adult (8) globin chains are expressed from genes on 
chromosome 11. SCD is caused by mutation of the B chain to the sickle (f°) chain. Genome-wide 
association studies have identified loci on chromosome 2 (BCL11A) and chromosome 6 (HBS1L- 
Myb) that modify HbF expression. These modifiers affect the expression switch from y to either B 
or BS globin. They may affect HbF levels either directly or indirectly. Targeted therapy could reverse 
the fetal-to-adult switch, and hence reduce disease severity. 


the B-thalassemias). Although genome- 
wide association studies (GWAS) have been 
criticized for identifying multiple loci that 
each contribute only minimally to the over- 
all genetic variation of a trait or disease 
(11), independent HbF GWAS studies have 
revealed just a few loci with very large effects 
(12, 13). Three genomic regions have been 
identified: the B-globin gene cluster itself, 
the gene encoding BCL11A on chromosome 
2, and a region on chromosome 6 contain- 
ing genes encoding HBISL, a GTP-bind- 
ing protein, and Myb, a transcription factor. 
Overall, these loci account for at least 40% 
of the genetic variation in the amount of HbF 
produced. The BCL11A and HBS1L-Myb 
regions are of particular interest because they 
might harbor “trans” regulators of the switch. 
Indirect evidence suggests that Myb, which 
controls hematopoiesis, rather than HBS1L, 
may influence HbF expression (/4). The situ- 
ation with BCL11A is clearer. It cooperates 
with other transcription factors and repres- 
sors to directly silence y-globin genes in pri- 
mary human erythroid cells, and controls 
the switch from fetal to adult B-like globin 
expression in mice and human red blood cells 
(15, 16). Consistent with GWAS analyses, 
HbF production is controlled in a dosage- 
sensitive manner by BCL11A. 

The identification of a genetically vali- 
dated regulator of HbF production has ther- 


adult-type red blood cells 
(15), which should spur 
exploration of emerging 
in vivo RNA interference 
technologies (/7). Inhib- 
iting BCL11A function, 
either directly or through 
disruption of interac- 
tions with cooperating 
factors, may be an alter- 
native strategy. Because 
some protein complexes 
containing BCL11A may 
include proteins with 
enzymatic functions, 
inhibiting these activities 
might mimic the effects 
of decreasing BCLI1A 
function (/8). Tradition- 
ally, transcription factors have been consid- 
ered “undruggable” targets, but new meth- 
ods for designing inhibitory small molecules 
based on protein chemistry and structure, and 
for gene expression—based screening, open 
the possibility for pursuing such drugs (/9-— 
21). Advances in high-throughput screening 
of small-molecule libraries also offer a plat- 
form for discovery and refinement of mole- 
cules that induce HbF production. Reinvig- 
orating research for effective and hopefully 
low-cost therapy for SCD has never been 
more pressing. 
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Chromosome Size Differences May 


Affect Meiosis and 


Genome Size 


John Wang,** Pei-Jiun Chen,”t+ George J. Wang, Laurent Keller™* 


ransmission distortion has been identified 
by deviations from the equal representation 
of parental alleles in the progeny (/). Weak 
transmission bias and violations of the independent 
assortment of chromosomes are harder to detect, 
however, because large broods and a careful exam- 
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X chromosome and of the shorter wt chromosome 
with the X. We refer to this phenomenon as skew. 

To exclude the possibility that skew for mls/0 
was specific to this genetic construct or chromosome 
V, we investigated segregation patterns for large in- 
sertion transgenes on the other four autosomes. All 
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Skew may affect genome evolution and ge- 
nome size. Given that hermaphrodites tend to 
inherit the shorter chromosome and because new 
populations of C. elegans are frequently initiated 
by hermaphrodites (3), genome size reduction 
may occur over evolutionary time. Simulations of 
hermaphroditic mating, hermaphroditic §selfing- 
only, and gonochoristic mating systems (2) (fig. 
S3) showed that skew led to a significant re- 
duction in genome size in the hermaphroditic 
mating system (P = 2.5 x 10-'3, one-sample ¢ test) 
but not in the gonochoristic or hermaphroditic 
selfing-only systems (both P > 0.27, one-sample 
t test). 

These observations of insertion dis- 
joining from the X, causing genome size 
reduction in male/hermaphrodite relative 
to gonochoristic mating systems, is con- 
sistent with genome sizes in the genus 
Caenorhabditis. Hermaphroditism within 
the genus has evolved independently at 
least twice (4). All three male/female 
species tested have genome sizes of 
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>130 Mb, whereas both sequenced her- 
maphroditic species have genome sizes 
of ~100 Mb (5-7). Thus, in at least two 
cases, the evolution of hermaphroditism 
was associated with a convergent reduc- 
tion in genome size relative to the 
ancestral male/female species. 
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Fig. 1. Differential segregation of chromosomes with large insertions or deletions in hermaphrodite and male 
offspring. (A) mi/s10 transgene, (B) transgenes on chromosomes | to IV, and (C) deficiencies. The 25% line indicates 
expected values with no segregation bias. Error bars are SEM. Transgene or deficiency names and their chromosomal 
locations (roman numerals) are below respective bar plots. P values, x’ tests assuming random segregation of the two 
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alternate chromosomes by sex. V, number of males tested; n, total individuals scored. 


ination of the transmission ratios are necessary. We 
investigated whether weak violations of chromo- 
some transmission or assortment exist in the nema- 
tode Caenorhabditis elegans, which is characterized 
by an XX/XO sex determination system. 

We crossed males heterozygous for mls/0 [an 
integrated transgene on chromosome V expressing 
green fluorescent protein (GFP)] to wild-type her- 
maphrodites and found sex-biased inheritance of 
mls10 (Fig. 1A, P = 9.8 x 10"'®, x? test). Sons were 
more likely to inherit the m/s/0 allele, whereas her- 
maphrodite daughters were more likely to receive 
the wild-type (w7) allele. This was not due to the 
preferential transmission of one particular chromo- 
somal allele, because the number of total offspring 
inheriting mls/0 was not different from that in- 
heriting wt (P= 0.39, binomial test). We also ruled 
out mortality of males bearing the wf allele and of 
hermaphrodites bearing the m/s/0 allele, because 
we observed no dead larvae and only a few dead 
eggs. Thus, there is preferential segregation of the 
longer mls 10-bearing chromosome away from the 
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four insertion transgenes also preferentially segre- 
gated away from the X chromosome (Fig. 1B) with 
significantly differing magnitudes of skew among the 
insertion lines (P < 2.2 x 107°, x? test) and with 
transmission bias ratios ranging from 1.42 (mls/3) to 
6.55 (mls10). Skew also occurred in males heterozy- 
gous for large deletions (Fig. 1C, wDf24 [and tDfl IV). 

Because these insertions and deletions (indels) are 
relatively large (range ~615 kb to ~7.3 Mb, table S1), 
we tested whether smaller indels also exhibited 
skew by using a small insertion (ru/s38, ~33 kb) and 
three single-gene deletions (unc-30, unc-47, and 
unc-63, range from ~1 to ~1.5 kb). In the four cases, 
the shorter chromosome also segregated with the X 
chromosome, the skew being significant for ruls38, 
unc-47, and unc-63 (fig. S1). The magnitude of bias 
for these four indels (1.02 to 1.21) was smaller than 
for the larger indels. We also observed no difference 
regarding the parent of origin of an indel on skew 
(2). Overall, there was a significant positive correla- 
tion between indel size and transmission bias ratio 
(fig. S2, P= 0.006, Spearman’s rank correlation test). 
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Staphylococcus aureus is a major human pathogen that is resistant to numerous antibiotics 

in clinical use. We found two nonribosomal peptide secondary metabolites—the aureusimines, 
made by S. qureus—that are not antibiotics, but function as regulators of virulence factor 
expression and are necessary for productive infections. In vivo mouse models of bacteremia showed 
that strains of S. aureus unable to produce aureusimines were attenuated and/or cleared from 
major organs, including the spleen, liver, and heart. Targeting aureusimine synthesis may offer 


novel leads for anti-infective drugs. 


commonly causing hospital and community- 
acquired infectious diseases (/). It has an 
array of virulence factors, including surface pro- 
teins responsible for adhesion and invasion of host 
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Fig. 1. Identification of a 
a cryptic NRPS biosyn- 
thetic gene cluster within 
S. aureus. (A) Genetic loci 
of S. aureus Newman con- 
taining the NRPS gene. 
The NRPS locus is found 
in all sequenced S. aureus 
genomes. The NRPS cluster 
contains two open reading 
frames: ausA (the NRPS 
gene) and immediately 
downstream of it ausB 


S. aureus Newman 


Aureusimine A (1 


(phosphopantetheinyl transferase). ausB encodes the enzyme (AusB) pre- 
dicted to posttranslationally modify AusA with a 4’-phosphopantetheine 
prosthetic group. (B) S. aureus NRPS is a dimodular nonribosomal peptide 
assembly line encoding a putative cyclic dipeptide. Domains A, C, T, and 
Re within the S. aureus NRPS (AusA) are shown as round spheres shaded in 
yellow. Curved blue lines originate from the T domain and indicate the 
phosphopantetheinyl arm that is predicted to be delivered via action of 10 
AusB. Amino acid substrates (valine and tyrosine) were predicted 
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tissues (e.g., fibrinogen and fibronectin-binding 
proteins), exoproteins responsible for immune 
evasion (e.g., chemotaxis-inhibitory protein), and 
numerous hemolytic and pore-forming toxins 
(e.g., hemolysins, leukocidins, and enterotox- 
ins) (2-4). For successful infection, a coordi- 
nated release of virulence factors is necessary, 
and redundancies exist, such that, if one factor 
is ablated, a productive infection can still en- 
sue. Early research by Novick and colleagues 
identified an accessory gene regulator (agr) that 
controls several virulence factors (5). Expres- 
sion of the agr locus is positively regulated by 
the agr pheromone, a ribosomally encoded sec- 
ondary metabolite (6). Subsequent genomic se- 
quencing has revealed that homologs of the agr 
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pheromones exist in several Gram-positive coc- 
ci, many of which are not pathogenic (7—1/). Al- 
though referred to as the “master” regulator of 
S. aureus virulence, expression of agr is not 
always detected in vivo, and agr-deficient clinical 
isolates are known, which raises the possibility 
that other small molecules factor prominently 
in the regulation of virulence factor expression 
(72). 

A major class of bacterial secondary me- 
tabolites comprises the nonribosomal peptides, 
which are produced, in microorganisms, by mul- 
tifunctional enzyme assembly lines known as 
nonribosomal peptide synthetases (NRPSs) (/3). 
Antibiotics are the best known nonribosomal 
peptides produced by soil-dwelling microbes, 
which use them as weapons and for cell-cell 
communication (/4). Penicillin, for example, is 
not constructed ribosomally but is dependent on 
an NRPS that uses valine, cysteine, and a- 
aminoadipic acid precursors (/5). Although pen- 
icillin was the first nonribosomal peptide used for 
S. aureus infections, S. aureus itself has not pre- 
viously been shown to construct nonribosomal 
peptides. 

Cryptic nonribosomal peptide assembly 
in Staphylococcus. An NRPS uses adenylation 
(A) domains and adenosine triphosphate (ATP) to 
activate adenosine monophosphate esters of se- 
lected amino acids and delivers them to post- 
translationally modified (phosphopantetheine) 
NRPS thiolation (T) domains (/3). Condensa- 
tion reactions of the T domain-tethered amino 
acids produce growing peptide chains, which are 
released by thioesterase or reductase (Re) do- 
mains at the C terminus of the NRPS, the latter 
as peptide aldehydes or alcohols that frequently 
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according to established NRPS codes (fig. $2) (27, 21). Release of a linear valine-tyrosine dipeptide aldehyde and the predicted nonribosomal peptide structure 
are shown. (C) Identification of S. aureus nonribosomal peptides. Structures of aureusimine A and aureusimine B (phevalin) were determined by mass spectrometry 
and NMR experiments (figs. $4 to $7). (D) Liquid chromatographic separations (HPLC chromatograms) of organic extracts of 5. aureus Newman and S. aureus 
Newman AausA (19). Aureusimine A (peak 1) and aureusimine B (phevalin) (peak 2) are present within extracts of S. aureus Newman but absent in extracts of S. 


aureus Newman AausA strain. ERM, erythromycin. 


16 JULY 2010 VOL 329 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 15, 2010 


Fig. 2. Gene regulation 
by the aureusimines. 
(A) Differential gene ex- 
pression caused by the 
presence of aureusimines 
A and B in S. aureus in 
early and late exponen- 
tial phase growth. Re- 
sults are presented as 
mean fold up-regulation 
(shades of red) and down- 
regulation (shades of 
blue) in three separate 
experiments (see scale 
bar). The complete micro- 
array results of genes 
regulated by the aur- 
eusimines can be seen 
in tables S2 to S5. (B) 
Aureusimines induce he- 
molysis. (Left) S. aureus 
Newman wild-type and 
(center) 5. aureus New- 
man AausA were grown 
on 5% sheep blood 
agar; (right) S. aureus 
Newman AausA was 
grown on 5% sheep 


Late 


superantigen- 
superantigen- 
superantigen- 
superantigen- 
superantigen- 
superantigen- 
superantigen- 


Toxins and Hemolysins 


alpha-hemolysin precursor (hla) (NWMN1033) 
beta-hemolysin precursor (hib) (NWMN1926) 
gamma-hemolysin (higA) (NWMN2818) 
staphylococcal enterotoxin (ent)(NWMNO362) 
superantigen-like protein 1 (ss/71)(NWMN0388 
superantigen-like protein 2 ( 

superantigen-like protein 3 (ss/3)(NWMNO0O390 
ike protein 5 (ss/5)(NWMNO392) 
ike protein 6 ( ( ) 
ike protein 7 (ss/7)(NWMNO394) 
ike protein 8 (ss/8)(NWMNO395) 
ike protein 9 (ss/9)(NWMNO396) 
ike protein 10 (ss/10)(NWMNO397) 
ike protein 11 (ss/71)(NWMNO0398) 
putative exotoxin (NWMN1075) 

putative exotoxin (NWMN1076) 

putative exotoxin (NWMN1077) 

enterotoxin A (sea) (NWMN1883) 

leukocidin F subunit (/ukF) (NWMN1927) 
leukocidin S subunit (/ukS) (NWMN1928) 


S. aureus Newman 


Vv 


) 
ssi2)(NWMNO389) 
) 


ssi6)(NWMN0393 


S. aureus Newman A ausA 


thermonuclease precursor(nuc) (NWMNO760) 

fibrinogen-binding protein (NWMN1066) >100 
formyl! peptide receptor-like-1 inhibitory protein (NWMN1067) 50-100 
fibrinogen-binding protein (efb) (NWMN1069) t 20-50 
fibrinogen-binding protein precursor (NWMN1070) o 40-20 
map protein (map) (NWMN1872) = 5-10 
staphylococcal complement inhibitor (scn) (NWMN1876) oO 35 
chemotaxis-inhibiting protein (chp) (NWMN1877) 6 2-3 
IgG-binding protein (sbi) (NWMN2317) 5 15-2 
fibronectin-binding protein B (fnbB) (NWMN2397) So 4 5 
fibronectin-binding protein A (fnbA) (NWMN2399) ie St 
ssp protein (sspC) (NWMNO916) 15-2 
cysteine protease precursor (sspB) (NWMNO917) | 2-5 
V8 protease A (sspA) (NWMNO918) >5 
staphylokinase (sak) (NWMN1880) 
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irulence/Defense Mechanisms 


staphylocoagulase (coa) (NWMNO0166) 

glycerol ester hydrolase (geh) (NWMN0254) 

von Willebrand factor-binding protein (VWbp) (NWMNO757) 
extracellular matrix and plasma binding protein (empbp) (NWMNO758 
hypothetical coagulase (NWMNO759) 


S. aureus Newman A ausA 
+ aureusimine (A/B) 100 pg/mL 


blood agar supplemented with 100 pg/mL aureusimines A and B. Zones of clearance around colonies indicate hemolysis. 


undergo intramolecular cyclization reactions 
(13, 16). Details of NRPS-catalyzed reactions, 
structural assignments of several NRPS domains, 
and assembly rules for nonribosomal peptide on 
NRPSs are reasonably well known. Genes 
encoding for a given nonribosomal peptide are 
also clustered. Coopting these genetic and/or 
biochemical parameters with microbial genomic 
sequencing has created a link between gene 
and small-molecule prediction, which has as- 
sisted in the discovery of unidentified, or “cryp- 
tic,” nonribosomal peptides, a process referred 
to as secondary metabolite genome mining 
(17, 18). 

We used a genome-mining approach to pre- 
dict nonribosomal peptides that are exclusive 
and highly conserved within S. aureus (19). 
Scanning in excess of 50 S. aureus sequenced 
genomes led to the identification of a universal- 
ly conserved (average of 97% identical and 97% 
similar), yet undescribed, NRPS gene cluster 
(annotated as a gramicidin synthetase or hypo- 
thetical protein) (Fig. 1A and fig. S1) (20, 21). 
This cluster contains an NRPS gene (7.17 kb) 
that takes up 0.25% of the S. aureus genome. An 
ortholog is present in other staphylococci path- 
ogenic to humans, including Staphylococcus 
epidermidis (53% identical and 71% similar), 
Staphylococcus capitis (53% identical and 70% 
similar), and Staphylococcus lugdunensis (53% 
identical and 70% similar), but is absent in other 
staphylococci or Gram-positive cocci (figs. S1 
and 82) (2/, 22). Buoyed by the association of 
this NRPS with staphylococci pathogenic to 
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change. (B to E) CFUs obtained from 
kidneys, livers, spleens, and hearts 4 ‘ 
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the average logi9 CFUs for the group. 


humans, we predicted the structure of the en- 
coded nonribosomal peptide. 

The S. aureus NRPS (2389 amino acids) is a 
dimodular NRPS with two adenylation (A) do- 
mains having strictly conserved NRPS codes for 
valine and tyrosine for all staphylococci contain- 
ing the NRPS (Fig. 1B and fig. S3). A Re domain 
is found at the C terminus of all the S. aureus 
NRPSs and probably releases the valine-tyrosine 
dipeptide as an aldehyde (23). The proposed lin- 
ear dipeptide aldehyde is likely to assume a cyclic 
imine conformation (predicted mass of 262.17), 


promoted by nucleophilic attack of the aldehyde by 
the a-amine of valine (Fig. 1B) (6, 23). 

Isolation of tyrosine-valine dipeptides. To 
isolate the cryptic S. aureus nonribosomal pep- 
tide, we collected organic solvent extracts of 
S. aureus culture broths and subjected them to 
high-performance liquid chromatography (HPLC) 
and mass spectroscopy analysis with mass- 
spectral filtering software to identify products 
within the range of the predicted dipeptide 
mass (19) (fig. S4). Two peaks were obtained, 
one providing a nearly exact match and the 
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second with a slightly later retention time and 
differing by 16 mass units (fig. S4). Both mol- 
ecules had a common absorbance spectrum, 
indicating that the two were congeners (produced 
in a~3:1 ratio) or sufficiently similar to suggest 
that they stem from a common NRPS pathway 
(fig. S4). One-dimensional and two-dimensional 
nuclear magnetic resonance (NMR) experiments 
(figs. SS to S7) provided the structures of both 
metabolites (Fig. 1C). The most abundant matched 
the prediction of the cyclic valine-tyrosine di- 
peptide bearing a pyrazinone core (Fig. 1C), 
and we called it aureusimine A. The second 
molecule (aureusimine B) had a phenylalanine in 
place of the tyrosine with a structure that matched 
a previously identified cyclic dipeptide (phevalin) 
from Streptomyces sp. SC433 (24). Production of 
two related nonribosomal peptides from a sin- 
gle NRPS is commonplace and is consistent with 
the second A domain’s incorporation of both tyro- 
sine (aureusimine A) and phenylalanine (aureusi- 
mine B or phevalin). 

To verify that the aureusimines are synthesized 
by the S. aureus NRPS (encoded by the gene 
we have named ausA), an allelic replacement 
was used to replace ausA with an erythromycin- 
resistance cassette (/9). Culture broths of the re- 
sulting AausA S. aureus strain were devoid of 
aureusimine A and B (Fig. 1D). We next com- 
pared the growth of the ausA deletion strain with 
that of the wild type and found that the aure- 
usimines are not necessary for growth and that 
the ausA deletion strains actually grew better than 
the wild type (fig. S8). 

Microarray analysis of virulence expression. 
Our discovery of a nonribosomal peptide unique 
to S. aureus raises the possibility for its role as 
a regulator of S. aureus virulence factor ex- 
pression. To evaluate the impact of aureusimine 
on virulence gene expression, we conducted glob- 
al microarray analysis. Both S. aureus Newman 
and Newman AausA overnight cultures were 
diluted 1:100 in tryptic soy broth and grown 
until early exponential [absorbance at 600 nm 
(Agoo) = 0.3] and late exponential phase (A¢00 = 
1.2). mRNA was isolated from each strain and 
used for microarray experiments (/9). In three 
separate experiments, primary metabolic genes 
were largely unchanged in the AausA strain, a 
result consistent with growth studies (fig. S6). 
However, in comparison with its isogenic par- 
ent, the ausA mutant displayed significant dif- 
ferences in expression of a large number of 
virulence genes, including genes encoding im- 
munomodulatory proteins, host cell adhesins, 
chemotaxis-blocking proteins, and host-targeted 
lytic proteins and cytotoxins (Fig. 2A) (tables S2 
to S5). For example, genes encoding chemotaxis- 
inhibiting protein and formyl peptide receptor— 
like linhibitory proteins, important for S. aureus 
immune evasion, are massively up-regulated by 
aureusimine production, >100 times (145.9) and 
>50 times (73.5), respectively (3, 25). S. aureus 
adhesion molecules, such as fibrinogen-binding 
protein (Efb) and fibronectin-binding protein A 


(FnbA), are necessary for endothelial cell inva- 
sion and endocarditis and are also up-regulated 
187.5- and 75.2-fold, respectively (26-28). Genes 
encoding for hemolysins were also significantly 
up-regulated in strains producing aureusimines. 
As an illustration showing that the transcription- 
al profiling corresponds to phenotypic alterations, 
the blood-lysing capacity of both wild-type and 
mutant strains was compared on blood agar 
plates (Fig. 2B). S. aureus Newman colonies lyse 
red blood cells, whereas little to no clearing or 
lysis was observed by AausA colonies. The hemo- 
lytic property of S. aureus could be restored to 
the AausA strains by the addition of aureusimines 
A and B (100 ug/ml) into the blood agar plates 
(Fig. 2B). 

Role of aureusimines in vivo. To gain fur- 
ther insight into the role that aureusimines play 
in the infectivity and virulence of S. aureus, groups 
of BALB/c mice were injected intravenously 
with either S. aureus strain Newman or the iso- 
genic ausA mutant (/9). Over the course of 4 days, 
mice infected with wild-type S. aureus Newman 
lost, on average, 22% of their original weight, 
consistent with a productive S. aureus infection 
(Fig. 3A). In contrast, mice infected with the S. 
aureus AausA deletion strain lost, on average, 
only 7.5% of their original weight (Fig. 3A). 
The weight change data for the two groups of 
mice are significantly different as determined by 
the Student’s ¢ test (P < 0.001). Organs from 
both groups of mice were removed and homo- 
genized, and the resulting suspensions were sur- 
veyed for viable S. aureus colony-forming units 
(CFUs) (9). In the group infected with wild-type 
bacteria, CFUs were high in all organs examined 
(Fig. 3, B to E). Although CFUs in samples 
recovered from kidneys of mice infected with 
the ausA deletion strain were comparable to 
those from kidneys of mice infected with wild- 
type S. aureus, CFUs obtained from the hearts, 
spleens, and livers of mice infected with the 
ausA mutant were all significantly less (P < 
0.01) than those from the respective organs of 
mice infected with wild-type bacteria, as de- 
termined by the Student’s ¢ test (Fig. 3, B to E). 
In fact, we could not recover detectable CFUs 
from the hearts of mice infected with the ausA 
mutant (Fig. 3E). 

The aureusimines are previously uniden- 
tified nonribosomal peptide secondary metab- 
olites that are integral to the ability of S. aureus 
to act as an infectious agent. Discovery of the 
aureusimines’ control over a wide range of S. 
aureus virulence factors presents opportunities 
for novel anti-infective strategies. Unlike many 
other nonribosomal peptide secondary metab- 
olites produced by soil microbes, such as peni- 
cillin (29), they do not appear to act as antibiotics. 
However, the original isolation of phevalin 
(aureusimines B) from a soil-dwelling actino- 
mycete suggests a possible origin of the aureu- 
simine NRPS (24). For S. aureus, acquisition of 
the aureusimine NRPS biosynthetic machinery 
was a defining moment. 
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Observation of the Magnon Hall Effect 


Y. Onose,»7* T. Ideue,? H. Katsura,? Y. Shiomi,”’* N. Nagaosa,”* Y. Tokura?" 


The Hall effect usually occurs in conductors when the Lorentz force acts on a charge current 

in the presence of a perpendicular magnetic field. Neutral quasi-particles such as phonons and 
spins can, however, carry heat current and potentially exhibit the thermal Hall effect without 
resorting to the Lorentz force. We report experimental evidence for the anomalous thermal 

Hall effect caused by spin excitations (magnons) in an insulating ferromagnet with a pyrochlore 
lattice structure. Our theoretical analysis indicates that the propagation of the spin waves is 
influenced by the Dzyaloshinskii-Moriya spin-orbit interaction, which plays the role of the vector 
potential, much as in the intrinsic anomalous Hall effect in metallic ferromagnets. 


dom (spintronics) may lead to develop- 

ments beyond silicon-based technologies 
(1); spintronics avoids the dissipation from Joule 
heating by replacing charge currents with currents 
of the magnetic moment (spin currents). Phenomena 
such as the spin Hall effect (generation of a trans- 
verse spin current by a longitudinal electric field) in 
metals and semiconductors have therefore recently 
attracted much attention (2). However, some dis- 
sipation is still inevitable because the spin current in 
these conducting materials is carried by electronic 
carriers. In this sense, achieving spin transport in 
insulating magnets may be more promising. 

In magnetic insulators, the spin moments are 
carried by magnons, which are quanta of mag- 
netic excitations. A fundamental question for the 
magnon spin current is whether it exhibits the Hall 
effect, which is usually driven by the Lorentz 
force; therefore, charge-free particles (such as pho- 
tons, phonons, and magnons) may be expected not 
to lead to it. However, in ferromagnets the Hall 
effect proportional to the magnetization—termed 
the anomalous Hall effect—can be driven by the 
relativistic spin-orbit interaction and does not 
require the Lorentz force (3). Moreover, the Hall 
effect of photons (4-6) and that of phonons (7—9) 
have been already predicted and experimentally 
observed. However, the Hall effect of magnons, 
which is relevant to spin-current electronics, has 
presented an experimental challenge. 

We report the magnetic and thermal-transport 
properties of an insulating collinear ferromagnet 
Lu»)V20; with a pyrochlore structure. Figure 1A 
shows the vanadium sublattice in LuyV07, which 
is composed of corner-sharing tetrahedra. This 
structure can be viewed as a stacking of alternat- 


Bee based on the spin degree of free- 
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ing Kagomé and triangular lattices along the [111] 
direction. Spin-polarized neutron diffraction sug- 
gests that the orbitals of the d electron are ordered 
so that they all point to the center of mass of the V 
tetrahedron (/0); calculations have shown that a 
virtual hopping process to the high-energy state 
stabilizes the ferromagnetic order of the V spin in 
this orbital-ordered state (/0). In the pyrochlore 
structure, because the midpoint between any two 
apices of a tetrahedron is not an inversion sym- 
metry center, there is a nonzero Dzyaloshinskii- 
Moriya (DM) interaction 


Hp = Di 
w 


(S: x S)) 


where D if and; are, respectively, the DM vector 
between the 7 and / sites and the V spin moment at 
site i, As shown in Fig. 1B, the DM vector D; is 
perpendicular to the vanadium bond and parallel to 
the surface of the cube indicated by gray lines, 


T+AT 


according to the crystal symmetry. Even starting 
from the perfectly collinear ferromagnetic ground- 
state spin configuration, the DM interaction affects 
the spin wave and gives rise to the thermal Hall 
effect as discussed below. 

The magnetic, electric, and thermal properties 
of Lu: V207 are illustrated in Fig. 2. The spon- 
taneous magnetization / emerges below Curie 
temperature 7c = 70 K (Fig. 2A). Figure 2B shows 
the magnetization curves along various magnetic 
field directions at 5 K. The magnetization saturates 
at relatively low field (less than 1 T), and the sat- 
urated magnetization is isotropic and almost co- 
incides with 1 bohr magneton (ug), indicating the 
collinear ferromagnetic state with spin S = !/, 
above the saturation field. The resistivity increases 
rapidly with decreasing temperature T (Fig. 2C). 
The longitudinal thermal conductivity (7) mono- 
tonically falls with decreasing temperature (Fig. 2D). 
The magnitude is small as compared with usual in- 
sulators but comparable with similar orbital-ordered 
materials (12). According to the Wiedemann-Franz 
law, the electric contribution of thermal conduc- 
tivity is less than 10 ° W/K m below 100 K. There- 
fore, the heat current is carried only by phonons 
and magnons in this temperature region. From 
the analysis of the magnetic field variation of the 
thermal conductivity (73), we estimate the mean 
free paths of phonons and magnons (/,, and /mag, 
respectively) at 20 K as J, = 3.5 nm and Jag = 
3.6 nm. Because the obtained /,, and Imag are 
much larger than the V-V distance (0.35 nm), the 
Bloch waves of phonons and magnons are well 
defined at least at 20 K. 

The thermal Hall effect (the Righi-Leduc ef- 
fect) is usually induced by the deflection of elec- 


2 


Fig. 1. The crystal structure of LuzV07 and the magnon Hall effect. (A) The V sublattice of Lu2V20,, which is 
composed of corner-sharing tetrahedra. (B) The direction of the Dzyaloshinskii-Moriya vector Di on each 


bond of the tetrahedron. The Dzyaloshinskii-Moriya interaction Dj; - ij 


(5; x Sj) acts between the i and j sites. 


(C) The magnon Hall effect. A wave packet of magnon (a quantum of spin precession) moving from the hot 
to the cold side is deflected by the Dzyaloshinskii-Moriya interaction playing the role of a vector potential. 
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tronic heat current by the magnetic field in metallic 
materials. Because the heat current in the present 
material is carried only by phonons and magnons 
and not by charge-carriers, any observed thermal 
Hall conductivity would provide evidence for the 
Hall effect of phonons and/or magnons. Our mea- 
surements of the thermal Hall conductivity are 
presented in Fig. 3. Below 7c = 70 K, the signal is 
well resolved, whereas it is quite small above 80 K. 
The magnitude of the thermal Hall conductivity 
has a maximum at around 50 K. Similar to the 
magnetization, the thermal Hall conductivity steep- 
ly increases and saturates in the low—magnetic field 
region. Thus, what is presently observed in the heat 
transport is not the normal Hall effect proportional 
to the magnetic field strength but the anomalous 
(spontaneous) Hall effect affected by the spontane- 
ous magnetization. However, the thermal Hall con- 
ductivity gradually decreases with magnetic field 
after saturation in the low-temperature region; this 
can be explained by the magnon gap induced by 
the magnetic field as discussed below. Figure 4A 
shows the temperature dependence of the sponta- 
neous thermal Hall conductivity (the thermal Hall 


Fig. 2. Magnetic, electric, 
and thermal properties of 
Lu2V207. (A) Temperature 
dependence of magneti- 
zation at the magnetic 
field H = 0.1T along the 
[100] direction. (B) Magne- 
tization curves at T= 5 K 
for H || [100], H Il [110], 
and H || [111]. (©) Temper- 
ature variation of resis- 
tivity p. (D) Temperature 
variation of longitudinal 
thermal conductivity «,,. 


0 0.2 0.4 0.6 08 1 0 50 
oH (T) 


Fig. 3. Magnetic field 
variation of the ther- 
mal Hall conductivity 
of LuzV207 at various 
temperatures. The mag- 
netic field is applied 
along the [100] direc- 
tion. The solid lines are 
guides to the eye. 


Ky (10° WiKm) 


conductivity just above the saturation field) for 
magnetic field || [100], [110], and [111]; it is inde- 
pendent of the field direction within the error bars. 
The thermal Hall effect caused by phonons 
has been reported in Tb3GasO,> (7) and ex- 
plained by the spin-phonon interaction (8, 9). The 
intrinsic mechanism in (8) does not depend on 
the magnon population. The mean free path of 
phonons is expected to increase with magnetic 
field as a consequence of reduced scattering by 
magnetic fluctuations. Therefore, our observation 
of the decrease of the thermal Hall conductivity 
in the high-field region cannot be explained in 
terms of the phonon mechanism. On the other 
hand, the reduction of the magnon population, as 
reflected by the behavior of the specific heat 
under the magnetic field (73), will diminish the 
magnon contribution of the thermal Hall conduc- 
tivity. In the mechanism based on the scattering 
of phonons by spins (9), the thermal Hall angle 
Kxy/Kxx iS anticipated to be proportional to the 
magnetization, such as in the case of Tb3GasO,2 
(7). For Luz V207, Kxy steeply decreases with in- 
creasing temperature around 7c, faster than the 


LuzV207 HIl[100] 


Magnetic Field (T) 


magnetization decreases (Fig. 4B), which con- 
tradicts the scenario of the phonon Hall effect. On 
the other hand, magnons propagate in terms of 
the exchange interaction (Eq. 3), and therefore 
the magnon picture cannot be valid in the mag- 
netic field—induced spin-polarized state above Tc. 
Hence, the temperature dependence can be ex- 
plained in terms of the magnon Hall effect. 

We next turn to the quantitative calculation of 
the thermal Hall effect in Lu2V207. This material 
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Fig. 4. (A) Temperature dependence of the spon- 
taneous thermal Hall conductivity (the thermal Hall 
conductivity just above the saturation field) for H II 
[100], H II [110], and H |I [111]. The thick dashed 
line is a guide to the eye. (B) The thermal Hall angle 
Kyy/ky, plotted against the magnetization (M1). For 
Tb3Ga;0}, (dashed line), the value of ,,/«,, divided 
by the magnetic field H is taken from (7), and the 
magnetic susceptibility (///H) is estimated from the 
magnetization curves in (28). The thick solid line is a 
guide to the eye. (C) Magnetic field variation of the 
thermal Hall conductivity at 20 K for H II [100]. The 
red solid line indicates the magnetic field depen- 
dence given by the theory (Eq. 4) that is based on the 
Dzyaloshinskii-Moriya interaction. 
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is a ferromagnetic Mott-insulator, and the spin-1/2 
V** ions form a pyrochlore lattice (Fig. 1A). The 
effective spin Hamiltonian describing this system 
is given by 


eg = > 
Gj) 


Sigil - XSi 


si SDge (5e S| = 
(1) 


where —/ is the nearest-neighbor ferromagnetic 
exchange, and the last term is the Zeeman cou- 
pling with an external field H. The DM interaction 
does not disturb the perfect ferromagnetic align- 
ment of the spins along the direction of a weak 
external magnetic field H because the sum of the 
DM vectors on the bonds sharing the same site is 
zero. Because we are interested in the low- 
temperature regime T << 7, the interactions be- 
tween magnons are neglected. Therefore, we 
consider the Bloch state of a single magnon 


= 1 kB 
= Tee Mp 


where in state |7) the spin at site 7 is pointing 
opposite the H direction with all the other spins 


aligned with the Ff direction. The matrix element 
corresponding to the transfer of magnons reads as 


(i-JS;-S, + By SG x SD 
= G5 (SS, + SS") 4 
iD 


SSS — SF SH)LD= — 


(2) 


ett (3) 


where S* is the operator that increases or de- 
creases the spin component along the direction 
n = (Nyny nz) = H/|Hl, Dy = D;- n, and 
Je*i = J+ iDj. Thus, the DM interaction acts 
as a vector potential @,; and serves as the “orbital 
magnetic field” for the propagation of magnons. 
The spin-wave Hamiltonian becomes just a tight- 
binding Hamiltonian on a pyrochlore lattice with 
phase factors. Thanks to the different types of 
loops in the unit cell of the pyrochlore lattice, the 
orbital magnetic field avoids the cancellation and 
gives rise to the Hall effect (/4). 

The formula for the thermal Hall conductivity 
Kap of the magnon system was derived in (/4). In 
the low-temperature region, the dominant contri- 
bution to k,g comes from the lowest magnon 
band and small & because of the Bose distribution 
function. Retaining only the first-order terms in 
the DM interaction, the analytic expression for 
the anomalous thermal Hall conductivity due to 
magnons is obtained as (/3) 


kaT 
Kop (HT) = Pop ai = (2 


with the polylogarithm Li,(z) given by Li,(z) = 


zk . . 
2» jz ~ Here, a is the lattice constant, and Ogg = 
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~Eqgy!yD/ (8V/2J) with the totally antisymmetric 
tensor €gg,, and D = |D,|. In Fig. 4C, we show 
the fitting of the data at T= 20 K to this ex- 
pression with JS = 8D,/a*, where D, is the spin 
stiffness constant obtained from the analysis of 
specific heat shown in (/3). Therefore, the only 
parameter is the ratio of DM interaction strength 
D to the exchange coupling J. The agreement 
between experiment and theory is obtained for 
D/J= 0.32; this is a reasonable value for transition- 
metal oxides. In the spinel-type antiferromagnet 
CdCr,O,, for example, D// has been estimated 
as 0.19 from the measured pitch of the spiral 
spin structure and ab initio calculations (/5); 
this is of the same order of magnitude as our 
result. 

We have observed the magnon Hall effect 
in the ferromagnetic insulator LuyV 207. Other 
than the spontaneous spin current relevant to 
electronic polarization (/6), the magnon spin 
current in insulating materials has rarely been 
discussed (/7). The observation of the Hall ef- 
fect of the magnon spin current may lead to appli- 
cations of spin transport in magnetic insulators. 
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Single-Crystal X-ray Structure of 
1,3-Dimethylcyclobutadiene by 
Confinement in a Crystalline Matrix 


Yves-Marie Legrand, Arie van der Lee, Mihail Barboiu* 


Cyclobutadiene (CBD), the smallest cyclic hydrocarbon bearing conjugated double bonds, 

has long intrigued chemists on account of its strained geometry and electronic instability, but 
the parent compound and its unperturbed derivatives have thus far eluded crystallographic 
characterization. In this work, we immobilize a precursor, 4,6-dimethyl-a-pyrone, in a 
guanidinium-sulfonate-calixarene (G,C) crystalline network that confines the guest through a 
combination of CH-x and hydrogen-bond interactions. Ultraviolet irradiation of the crystals 
transforms the entrapped 4,6-dimethyl-c-pyrone into a 4,6-dimethyl-B-lactone Dewar intermediate 
that is sufficiently stable under the confined conditions at 175 kelvin to allow a conventional 
structure determination by x-ray diffraction. Further irradiation pushes the reaction to completion, 
enabling the structure determination of 1,3-dimethylcyclobutadiene MezCBD. Our data support 
experimental observation of square-planar (Me,CBD*) and rectangular-bent (Me>CBD®) geometries 
in the G,C host matrix. The hydrogen-bonded, dissociated carbon dioxide coproduct interacts more 


strongly with Me,CBD® than with MeCBD®. 


molecular ring of four carbon atoms, each 


(Cnet (CBD)—an unsaturated 
capped by a single hydrogen atom—has 


intrigued chemists for the better part of a century 
(/-8). There is tremendous geometric strain as- 
sociated with squeezing olefinic carbons down 
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from their traditional 120° bonding angle to the 
90° motif dictated by a closed square ring. In 
addition, the molecule is also the paradigm of 
Hiickel anti-aromaticity (9), the electronic desta- 
bilization associated with networks of z electrons 
delocalized over an even number of alternating 
cyclic double bonds. The question of whether the 
molecule could be prepared at all has previously 
been answered, when it was observed spectro- 
scopically in an Ar matrix at 8 K upon photolysis 
of a-pyrone (1) (4, 5). The sequence of transient 
intermediates leading to its formation was as- 
signed, as outlined in Fig. 1. Attempts to isolate 
macroscopic quantities of the compound have 
generally furnished its dimer (6, 7), which, on 
heating, produces cyclooctatetraene (8). Deriva- 
tives of CBD have also been stabilized by ap- 
pending electron-donating substituents (/0) or by 
coordination of metal ions and metal complexes 
[for example, Ru(CO)3] (//) to the carbocycle. 
However, the molecule has eluded full structural 
characterization, which is a goal of particular in- 
terest for the clarification of the bonding impact 
of the compound’s anti-aromaticity. 

Attempts to isolate CBD in a confined, 
protective crystalline matrix could not furnish 
its crystal structure. In a seminal experiment, 
Cram ef al. succeeded in isolating CBD by se- 
questering it in a hemicarcerand cage in solu- 
tion, thereby inhibiting its dimerization (/). The 
solid-state hemicarcerand structure (Fig. 2A) 
(12-14), with an estimated free internal volume 
of ~135 A?, was most likely too large to immo- 
bilize the CBD molecule (volume V = 85 A) 
sufficiently for crystallographic analysis (/5). 
Our initial experiments supported this assump- 
tion: Irradiation of B-cyclodextrin c a-pyrone 
(BCD ¢ 1) inclusion crystals (with a free internal 
volume V = 253 A*) led to crystal structures in 
which the disorder in the BCD cavity was quite 
complex (/5). 

Stabilization of reactive species (/6—/8) or 
dynamic supramolecular self-assemblies (/9—2/) 
by encapsulation within porous crystalline net- 
works has previously enabled characterization of 
the solid-state structure of such species. Likewise, 
the chances for success in obtaining the CBD 
crystal structure rely on the appropriate design of 
a crystalline host matrix that optimally sequesters/ 
immobilizes the precursor, intermediate, and 
product molecules; free motion of guest mole- 
cules within the confined space, which leads to 
complex disorder in the diffraction data set, would 
thereby be diminished or avoided. In this con- 
text, the crystalline host matrix might encom- 
pass: (i) an optimally designed confined volume 
in the host, dimensionally adapted to the se- 
questered guest molecules, (i1) specific anchor- 
ing groups to fix the guest molecules within the 
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Fig. 1. Reaction sequence 
of a-pyrone photolysis: 
electrocyclic opening of 
o-pyrone (1) leads to ex- 
tremely unstable aldehyde- 
ketene (2) or Dewar B- 
lactone (3) transient 
precursors. Stepwise pho- 
tofragmentation of 3 
occurs via cyclobutene- 
carboxylate zwitterions 
(4, 5) that, by eliminating 
COz, yield CBD. The un- 
stable CBD dimerizes to 
form the transient tricyclic 
species (6) that rearranges 
to cyclooctatetraene (7). 
R =H (5-8) or CH (this 
paper). h, Planck's con- 
stant; v, frequency. 


Fig. 2. (A) Chemical and 
crystal structure in stick 
representation (22-14) of 
Cram et al.’s hemicarcer- 
and and of the G,C host 
matrix crystallized from 
an aqueous solution of 
tetra-p-sulfocalix[4]arene 
(© and guanidinium chlo- 
ride (G) at room temper- 
ature. Gray, carbon; red, 
oxygen. (B) Side (left) 
and top (right) views in 
stick representation of the 
G,C complex. Orange, car- 
bon; purple, oxygen; white, 
hydrogen. (C) Crystal 
packing of the hexagonal 
H-bonded guanidinium- 
sulfonate sheets, stabiliz- 
ing the C molecules in a 
cone conformation that 
affords a free hydropho- 
bic calixarene internal 
cavity. Some hydrogen 
atoms have been omitted 
for clarity. Blue, nitrogen. 
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confined space, and finally (iii) a propensity for 
high-quality diffraction data. These consider- 
ations inspired us to design a distinctly appro- 
priate crystalline framework to use as a porous 
host matrix for CBD synthesis. 

In contrast with Cram et al.’s hemicarcerand 
cage (Fig. 2A), we employed slow crystallization 
from aqueous solution (75) to prepare a guanidinium- 
sulfonate-calixarene (G4C) host-matrix (Fig. 2, B 
and C) of restricted internal free volume (V= 45 A?) 
(15, 22) optimally available to immobilize the 
4,6-dimethyl-o-pyrone Mez1 molecule during 
assembly of the crystal lattice. The cone confor- 
mation of tetra-p-sulfocalix[4]arene (C) (22) is 
stabilized by the guanidinium cations (G) that 
form hydrogen bonds with the sulfonate moieties 
of C (Fig. 2 and fig. S4) (23). The inclusion of 
Me>1 within the matrix was achieved by using a 
fresh aqueous solution of G, C, and Me>1 to form 
included single crystals of GsC{Me21} with 
completely filled host pockets (/5). The use of the 
4,6-dimethyl-a-pyrone, Mez1, was not arbitrary: 
Attempts to irradiate GyC ¢ o-pyrone (GyC c 1) 
inclusion crystals led once again to crystal struc- 
tures in which the disorder was very complex. 


=~ 


i Pt 


G4C{Mey1} 


Vis f 


G4C{Me1"} 


_ 


AP QL OY 


In contrast, the 4-methyl group of Mez1 is 
tightly confined in a fixed position within the 
G4C host matrix through three CH-n interac- 
tions with neighboring aromatic units of the 
calixarene pocket (/5). The encapsulation of 
Mey! also induces an unexpectedly drastic change 
in the orientation of the guanidinium cations 
(G). Here, the structural behavior of G extends 
beyond its role in the free porous host of stabi- 
lizing the cone conformation of C via hydrogen 
bonding; in the inclusion crystals, the planar 
compound Me,1 (dimensionally fitting within 
the overall superstructure of the G4C host) is 
supplementally sandwiched between two G 
groups (stacking distance: tacking = 3-5 A), where- 
as the carbonyl oxygen points outward, forming 
anchoring H bonds (dx_o = 2.89 A) with a third 
quasi-coplanar G cation (Fig. 3A). All combined 
host-guest interactions are vital for the en- 
capsulation and insulation, as well as for the 
low mobility of the guest molecules in the G4C 
host cavity. As a result, the Me21 molecule is well 
defined in the diffraction data set, with sharp 
electron-density sites. The x-ray structure of Me21 
is structurally similar to previously reported fully 


localized canonical structures of o-pyrone 
1 (24). 

Upon irradiation of GyC{Me21} at wave- 
length A = 320 to 500 nm, we observed separate 
density maxima in the electronic-density map on 
both sides of the Mez1 ring, but one was sub- 
stantially more intense than the other. In the result- 
ing GyC{Me>1"} structure (Fig. 3B), the C(3) site 
starts to depopulate; this disorder can be modeled 
with 50% density on the C(3) site and 50% den- 
sity on the major off-cycle site, an apparent result 
of the equilibrium between the initial Me>1 struc- 
ture and an initial irradiation product Me,1’. 

Further irradiation induced conversion of 
G4C {Mez1"} into GyC{Me3 and Me,CBD*} 
(here, Me,CBD* indicates the rectangular-bent 
conformation) (Fig. 3C). An increase in the off- 
plane maximum density site supported conversion 
of Me>1 into its Dewar-B-lactone valence isomer, 
1,5-dimethyl-2-oxa-3-oxobicyclo[2,2,0]hex-5-ene, 
Me,3 (77.3%), previously predicted by theory (25) 
and experimentally observed (4, 5). Supplementary 
separate density maxima on the electronic-density 
map were detected on both sides of Me3, cor- 
responding to 22.7% conversion of Me,3 to 


G4C{Me,3} -77.3% G4C{Me,CBD™ } -22.7 % 


Fig. 3. X-ray crystallographic observation of the Me2CBD formation pathway 
from photolysis of 4,6-dimethyl-o-pyrone (Mez1) within the pores of a GC 
crystalline matrix, crystallized from an aqueous solution at room temperature. 
Single-crystals mounted on the diffractometer were coated with protective 
silicone oil and held at a temperature of 175 K. Structures in stick rep- 
resentation and electron-density maps are shown for (A) Mez1; (B) a transient 
intermediate Me21' obtained after irradiation for 25 min; (C) the Dewar 
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valence isomer Me23 (77.3%), in equilibrium with rectangular-bent Me,CBD® 
(22.7%) in close proximity to a noninteracting orthogonal CO, molecule, 
obtained after irradiation for 25 additional minutes; and (D) square-planar 
1,3-dimethylcyclobutadiene MeCBD® (62.7%) in van der Waals contact with 
the CO, molecule, and the rectangular-bent Me2CBD® (37.3%), orthogonally 
oriented with respect to the plane of Me2CBD®, after irradiation for 60 
additional minutes. 
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Me,CBD® and CO3. The butterfly type geometry 
of Me,3, kinetically stabilized at 175 K, exhibits 
bond lengths similar to those predicted by theory, 
with the exception of the bridging bond (de3.c6 = 
1.70 versus 1.55 A in theory) and its direct neigh- 
bors (deo.c3 = de3.c4 = 1.37 versus 1.53 A in 
theory), inducing a +10% variation of the angle 
values (25). The -C=O---HN— hydrogen bond 
(dy...¢ = 2.89 A) anchoring the confined Me,3 
to the crystal matrix and the position of the 
methyl group interacting inside the calixarene 
pocket remain constant. The free motion of Me 3 
within these confined conditions is highly re- 
stricted; thus, we were able to determine its crys- 
tallographic structure unequivocally by x-ray 
analysis. The present results suggest that under 
confinement in the calixarene cavity, the mech- 
anistic pathway for the transformation of Me,1 
into Me,3 favors the mm* photochemical channel 
over the nz* channel (26), producing the Dewar 
valence isomer Me,3 rather than ketene 2; no o- 
bond cleavage intermediate was observed at any 
stage of the irradiation (Fig. 1). The Me,CBD® 
molecule presents a rectangular-bent geometry 
oriented at 90° relative to the C3C4CsCg ring of 
Me,3 in the G4C host matrix. The CO, is orthog- 
onally oriented with respect to the Me,CBD® 
ring (Fig. 4B). The C6-O1 (1.58 A) and C2-C3 
(1.57 A) bonds point more to a non-interactive 
contact than to covalent bonding, as is possible in 
zwitterionic structure 5 (Fig. 1). 

Further irradiation led to the quantitative trans- 
formation of Me,3 into 1,3-dimethylcyclobutadiene 
(Me,CBD) and CO>. Based on the diffraction data, 
we assigned two different geometries—square- 
planar (Me,CBD*, 62.7%) and rectangular-bent 
(Me,CBD®, 37.3%) in the crystalline structure 


Fig. 4. Mechanistic con- 
siderations. (A) Automer- 
ization reaction of CBD 
including an equilibrium 
between two rectangu- 
lar mmm ground states, 
proceeding through the 
square-shaped triplet 
state 4/mmm. (B) Side- 
(top) and top-view (bot- 
tom) stick representation 
of the confined square- 
planar Me,CBD* molecule 
(62.7%) in equilibrium 
with distorted rectangular 
MeCBD® (37.3%). 


of G4C {Me,CBD® and Me,CBD*} under con- 
fined conditions (Fig. 3D and fig. S7). They are 
disposed in an orthogonal relative orientation along 
the axes lining the opposite alternative sulfonate 
moieties of C (fig. S2). The bridging bond in Me,3 
(dc3-c6 = 1.70 A) is substantially longer than the 
edge bond C3-C6 (1.48 A) observed in MeyCBD*, 
though the C6-O1 (1.48 A) and C2-C3 (1.35 A) 
bonds expand by ~0.15 to 1.61 and 1.50 A, re- 
spectively, between MesCBD® and CO. These 
data are more indicative of a strong van der Waals 
contact than of covalent bonding between the 
confined CO, and Me,CBD* molecules in the 
calixarene cavity. 

The presence of CO3, sequestered via hydro- 
gen bonding within the G,C host matrix, is clearly 
an important influence on the observed structures; 
its interaction is stronger with Me,CBD* than 
with the Me,CBD® isomer in the G4C host matrix 
environment. Through this interaction, the CO, 
may stabilize Me,CBD* in the G,C host matrix 
(Fig. 4B), helping to account for its abundance 
that is a factor of 2 greater than that of the rect- 
angular isomer MexCBD®. The hydrogen-bonded 
CO, molecule generates an asymmetry in the GyC 
host matrix cavity: Whereas the Me,CBD* mol- 
ecule, interacting with the COz, presents a square- 
planar geometry, the Me,CBD® ring shows a 
relaxed rectangular-bent geometry that is asym- 
metrically distorted, its plane slightly flipped with 
the methyl groups lying out of the plane (Fig. 4B 
and fig. S2). 

The automerization reaction of CBD (Fig. 
4A), previously predicted by modeling (27), is 
experimentally supported by the crystal structure 
of GC {Me,CBD® and Me,CBD*} determined 
here. We observed both distinct geometries: (i) 


the thermodynamic square planar Me,CBD*/ 
CO, complex and (ii) the kinetic rectangular- 
bent Me,CBD* molecule, stabilized under con- 
finement by the G,C host matrix in different 
orientations. 
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Disordering of an Organic Overlayer 
on a Metal Surface Upon Cooling 


A. Schdll,?* L. Kilian,? Y. Zou,” J. Ziroff,t S. Hame,* F. Reinert,”? E. Umbach,’+ R. H. Fink? 


Inverse melting or disordering, in which the disordered phase forms upon cooling, is known for a 
few cases in bulk systems under high pressure. We show that inverse disordering also occurs in two 
dimensions: For a monolayer of 1,4,5,8-naphthalene-tetracarboxylic dianhydride on Ag(111), a 
completely reversible order-disorder transition appears upon cooling. The transition is driven 

by strongly anisotropic interactions within the layer versus with the metal substrate. Spectroscopic 
data reveal changes in the electronic structure of the system corresponding to a strengthening of 
the interface bonding at low temperatures. We demonstrate that the delicate, temperature- 
dependent balance between the vertical and lateral forces is the key to understanding this 


unconventional phase transition. 


form at temperatures above those of the more 

ordered phase. For example, a conventional 
first-order melting process at constant pressure 
requires the addition of heat to the system, and 
the entropy of the liquid phase exceeds that of the 
crystal. The opposite process, a first-order transi- 
tion from the crystalline into a liquid or disordered 
phase upon cooling, is rare but does occur (/, 2). 
Such inverse melting occurs for *He below about 
0.3 kelvin and at pressures of about 30 bar (3). A 
few more examples are known for order-disorder 
transitions upon cooling. In some bimetallic alloys, 
inverse melting is described in terms of an under- 
cooled melt, in which the chemical order energet- 
ically stabilizes the melt as compared to the mixed 
crystalline phases (4, 5). 

The reported examples of inverse melting or 
disordering occur at extreme pressure conditions 
for bulk phases. We now report the experimental 
observation of an inverse disordering transition in 
two dimensions without an application of external 
pressure. For a two-dimensional adsorbate system, 
competing interactions can be strongly anisotropic. 
That is, the lateral interaction between the ad- 
sorbate molecules and those between the substrate 
and the adsorbate can occur on different energy 
scales and have different dependence on temper- 
ature. These observations require an extension 
of the established description of inverse melting; 
therefore, the present findings may trigger further 
experimental and theoretical studies (6). 

The high-resolution low-energy electron dif- 
fraction (LEED) pattern recorded for a 1,4,5,8- 
naphthalene-tetracarboxylic dianhydride (NTCDA) 
monolayer film on a Ag(111) surface at room 


I almost all materials, less ordered phases 


1Universitat Wurzburg, Experimentelle Physik VII, D-97074 
Wiirzburg, Germany. ?Gemeinschaftslabor flir Nanoanalytik, 
Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany. 


*To whom correspondence should be addressed. E-mail: 
achim.schoell@physik.uni-wuerzburg.de 

tPresent address: Karlsruhe Institute of Technology, 76021 
Karlsruhe, Germany. 

tPresent address: Physikalische Chemie II and Interdisciplinary 
Center for Molecular Materials/Interdisciplinary Center for 
Interface-Controlled Processes, Universitat Erlangen, Egerland- 
strasse 3, D-91058 Erlangen, Germany. 


www.sciencemag.org 


temperature (the RT phase) is shown in Fig. 
1A (see the supporting online material for ex- 
perimental details). The coverage corresponds 
to about 70% of a saturated monolayer and was 
previously termed a relaxed monolayer (7). It re- 
fers to a commensurate superstructure described 
4 0 

3 6) 
The sharp diffraction spots indicate a high de- 
gree of lateral order with large domains. The real- 
space structure and unit cell of one of the six 


by the superstructure matrix M = 


Fig. 1. SPA-LEED pictures of the relaxed 
NTCDA monolayer on Ag(111) at 300 K (A) 
and at 155 K (C). The reversibility of the 
phase transition is indicated by arrows. (B) 
Real space structure of the RT phase with 
the commensurate unit cell. 
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symmetry-equivalent rotation and mirror domains 
of the RT phase are displayed in Fig. 1B (8). The 
simulated diffraction spots agree very well with the 
experimental LEED pattem in Fig. 1A. 

Upon cooling to temperature (7) = 155 K, the 
previous diffraction spots completely disappear 
(Fig. 1C). The long-range order gets lost, and a 
disordered low-temperature monolayer phase (the 
LT phase) is formed. Upon subsequent heating, 
the LEED spots reappear, and at a substrate tem- 
perature of T ~ 190 K, the RT LEED pattern is 
completely restored. This cycle is reversible and 
can be repeated numerous times. 

The question arises whether the loss of lat- 
eral order is based on a loss of orientational 
order (tilting) with respect to the (111) plane. 
The molecules in the RT phase (measurements 
between 200 and 300 K) lie flat on the substrate 
surface, as deduced from near-edge x-ray ab- 
sorption fine structure (NEXAFS) dichroism (9) 
and x-ray standing wave studies (/0). The com- 
parison of the NEXAFS spectra with p- and 
s-polarization of the incident light in Fig. 2A 
shows identical dichroic behavior (//) for the 
RT phase (upper spectra) and the LT phase (lower 
spectra): no m* resonances are observed for 
s-polarization for both temperatures. We con- 
clude that the molecular planes are coplanar with 
the substrate in both phases. 


A | NTCDA/AQ(111) 
C K-NEXAFS 


Fig. 2. (A) Carbon K-edge 
NEXAFS spectra of the RT 
phase (top) and LT phase 
(bottom) recorded with p- 
(continuous lines/points) 
and s-polarization (dashed 
lines/open symbols). (B) 7* 
regimes (p-polarization) 
compared on expanded 
scales. 
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A closer inspection of the NEXAFS data 
recorded with p-polarization reveals details on 
the interaction of the molecules with the sub- 
strate. We compare the respective RT and LT 
spectra in Fig. 2B. From previous NEXAFS 
investigations and theoretical calculations, we could 
assign the various resonances for multilayer sam- 
ples, which are due to transitions from the four 
symmetry-inequivalent Cls sites into the unoc- 
cupied 2* orbitals LUMO (lowest unoccupied 
molecular orbital) to LUMO+4 (/2). The RT 
spectrum generally resembles the multilayer data, 
but the LT spectrum shows a strongly altered 
signature indicative of stronger substrate bond- 
ing. Although various resonances are affected, 
the most striking difference occurs for the peak at 
283.8 eV, which can be assigned to transitions from 
Cls sites located at the naphthalene core into the 
LUMO. This peak is less intense for the RT sam- 
ple than for the multilayer (/2) sample, and it 
completely vanishes for the LT phase. Evidently, 
the (former) LUMO becomes completely occu- 
pied in the disordered phase. 

This finding is corroborated by the photo- 
electron spectroscopy (PES) data of the valence 
levels recorded along the phase transition (Fig. 
3). All spectra show a new occupied state near 
the Fermi level (Z;) that can be attributed to the 
interaction-induced charge transfer from the 
substrate into the former molecular LUMO level 
(13, 14). For the RT phase, this former LUMO 
state is centered at 0.22 eV and cut by Ep, re- 
sulting in a metal-like, partially occupied state. 
The transition into the LT phase, however, leads 
to a complete occupation of the LUMO and a 
further downshift of the respective signal to a 
binding energy of 0.48 eV. The sharp peak oc- 


PES He | 


photoemission intensity (a.u.) 


1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0 -0.2 
binding energy (eV) 
Fig. 3. PES data recorded at the Fermi edge for 


temperatures in the transition regime during cool- 
ing. F-LUMO, former-LUMO. 
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curring directly at Ep in the case of the RT 
spectra can be attributed to a Fermi resonance. 

The present spectroscopic results can be 
consistently explained in agreement with earlier 
core-level PES data (/5) and high-resolution 
electron energy-loss spectroscopy experiments by 
a covalent interaction of the NTCDA molecules 
with the Ag(111) substrate that becomes stronger 
in the disordered LT phase. The latter finding 
may reflect decreased substrate bonding lengths, 
as previously reported for the similar molecule 
3,4,9,10-perylene-TCDA (/6). 

Moreover, the characteristic signatures in the 
NEXAFS spectra of Fig. 2 allow distinguishing 
of the RT and LT fractions quantitatively during 
the transition. Figure 4 shows a series of NEXAFS 
scans recorded while the temperature was de- 
creased for a RT sample until the LT phase was 
reached (Fig. 4A), and increased again until the 
RT phase was recovered (Fig. 4B). The cooling 
and heating rates were +0.1 K/s, respectively. 
The change of the spectroscopic signature from 
RT to LT was gradual, but the strongest changes 
occurred between 170 and 160 K. Upon heating, 
the strongest changes could be observed between 
180 and 187.5 K (Fig. 4C). We obtained these 
data points by deconvoluting the temperature- 
dependent spectra using the RT and LT spectra 
[that is, spectrum(7) = c x RT spectrum + (1 — 
c) x LT spectrum] as references for the respec- 
tive phases. The parameter c corresponds to the 
fraction of NTCDA molecules in the ordered 
RT phase and is plotted against sample tem- 


Fig. 4. Rapid NEXAFS 
scans (p-polarization) of 
the x* regimes recorded 
during cooling (A) and 
heating (B). (C) Hyster- 
esis curve of the inverse 
melting phase transition 
derived from the data in 


(A) and (B). 


p-polarization 


Auger electron yield (a.u.) 


282 284 286 288 290 292 294 


perature in Fig. 4C. As indicated by the arrows, 
the plot shows a steep decrease in the fraction of 
molecules in the ordered phase around 165 K 
upon cooling, whereas upon heating, the ordered 
phase is recovered around 180 K. The clear hys- 
teresis indicates a first-order phase transition, as 
generally expected for inverse melting (/). More- 
over, from time-dependent spot profile analysis 
(SPA}-LEED measurements at temperatures 
between 140 and 160 K (fig. S2) an activation 
energy of E, = 60 meV is deduced for the 
transition into the disordered phase. 

Generally, the driving force for phase transi- 
tions at constant pressure is the gain in Gibbs 
free energy AG = AH — T x AS (where #7 is en- 
thalpy and S is entropy). Our spectroscopic data 
indicate a stronger molecule-substrate bonding 
in the disordered LT phase. The latter is on the 
order of electron volts (17, 18) and largely ex- 
ceeds the intermolecular interaction, and can be 
understood as a more negative enthalpic contri- 
bution AH. As a consequence, the heat absorbed 
while transferring the system into the ordered RT 
state can be considered as the energy required to 
reduce the bonding to the substrate. 

What about the entropic term? The phase at 
higher temperature must have a higher degree of 
disorder or entropy S, because AS ~ AQ. Another 
degree of freedom must adjust the entropy 
balance, because the long-range order increases 
(AS < 0) (2, 19). Apparently, the structurally long- 
range ordered phase has to be more disordered in 
total than the amorphous phase, which seems 
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counterintuitive. Based on the finding of a much 
stronger molecule-substrate interaction in the LT 


occur, according to the existing data, and the order- 
disorder transition can thus indeed be a real melting 


REPORTS 


C. Stadler, S. Hansen, A. Scholl, C. Kumpf, E. Umbach, 
N. J. Phys. 9, 50 (2007). 


f ae 11. J. Stéhr, NEXAFS Spectroscopy, R. Gomer, Ed. (Spinger 
phase, we believe that the local atomic order at process or a transition into a glassy state. Series in Surface Science, Springer, Berlin, 1992), 
the interface, although different from molecule to This scenario may bear some analogy to the vol. 25. 
molecule (no long-range order), is considerably description of inverse melting in metallic alloys 12. A. Schill et al., Phys. Rev. Lett. 93, 146406 (2004). 
higher in the LT (compared to the RT) phase, (4). There, the phenomenon is possible because —‘3- Y- Zou et al., Surf. Sci. 600, 1240 (2006). 
nnected with a shorter distance between sub- the (low-temperature) amorphous phase gains Be ee a 
_ ; : Pp Tp. Pp : & 15. A. Scholl, Y. Zou, T. Schmidt, R. Fink, E. Umbach, J. Phys. Chem. 
strate and adsorbate atoms. Thus, heating leads _ energy against the crystal because of increased B 108, 14741 (2004). 
to a reduction of the short-range order (AS > 0), chemical short-range order (4). The very pro- 16. L. Kilian et al., Phys. Rev. Lett. 100, 136103 (2008). 
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The reduction of the bonding strength is most case, where the ratio of the respective energy 49. Ny. Schupper, N. M. Shnerb, Phys. Rev. Lett. 93, 037202 
probably accompanied by an increase of the — scales is extremely crucial, requires a different (2004). 
vertical bond lengths, perhaps induced by the _ theoretical description. 20. 0. Skibbe et al., J. Chem. Phys. 131, 024701 (2009). 
21. Fruitful discussions with M. Sokolowski and Th. Schmidt 


excitation of vertical molecular vibrations (20). 
Consequently, the lateral interaction between the 
molecules gains more weight and induces the 
lateral ordering (/6). 

At low temperature, the structural reorganiza- 
tion may be explained by different, energetically 
favorable adsorption sites of the NTCDA mole- 
cules if they are near the substrate, perhaps involv- 
ing a distortion of the adsorbed molecule. If the 


References and Notes 

1. N. Schupper, N. M. Shnerb, Phys. Rev. E Stat. Nonlin. Soft 
Matter Phys. 72, 046107 (2005). 

2. A. L. Greer, Nature 404, 134 (2000). 

3. P. M. Tedrow, D. M. Lee, Phys. Rev. 181, 399 (1969). 

4. W. Sinkler, C. Michaelsen, R. Bormann, D. Spilsbury, 
N. Cowlam, Phys. Rev. B 55, 2874 (1997). 

5. H. Y. Bai, C. Michaelsen, R. Bormann, Phys. Rev. B 56, 
R11361 (1997). 

6. M.R. Feeney, P. G. Debenedetti, F. H. Stillinger, J. Chem. Phys. 


are gratefully acknowledged. This work was funded by the 
German Bundesministerium fiir Bildung und Forschung 
(contracts 05 KSIWWA-5 and 05 KS7WE1) and by the 
Deutsche Forschungsgemeinschaft (contract DFG Re 
1469/3-2). Experimental support by the BESSY (Berlin 
Electron Storage Ring Society for Synchrotron Radiation) 
staff during beam time is gratefully acknowledged. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/329/5989/303/DC1 


molecules thereby differ slightly, such as in their 119, 4582 (2003). Methods 
rotational and/or translational alignment (the local 7. U. Stahl, D. Gador, A. Soukopp, R. Fink, E. Umbach, a - 
bonding geometry), a statistic population of the Surf. Sci. 414, 423 (1998). Brciece 


respective sites would result in the observed loss 
of long-range order. The occurrence of both trans- 
lational and rotational disorder upon cooling may 


8. L. Kilian, thesis, Universitat Wurzburg, Wtirzburg, 
Germany (2002). 

9. D. Gador et al., J. Electron Spectrosc. Relat. Phenom. 
101-103, 523 (1999). 


4 March 2010; accepted 8 June 2010 
10.1126/science.1189106 


at high pressure [250 pounds per square inch (psi)] 
using a rhodium-based chiral catalyst (Fig. 1A) 
(4). Within the manufacturing scheme, the chem- 
istry suffers from inadequate stereoselectivity and 
a product stream contaminated with rhodium, ne- 
cessitating additional purification steps at the ex- 
pense of yield to upgrade both enantiomeric excess 
(e.e.) and chemical purity. By using a transaminase 
(5—8) scaffold and various protein engineering 
technologies, we have developed a catalyst and 
process that substantially improve the efficiency 
of sitagliptin manufacturing (Fig. 1B). 

Transaminases have a limited substrate range, 
most accepting only substrates with a substituent 
no larger than a methyl group at the position ad- 
jacent to the ketone (Fig. 2A) (9/4). Not sur- 
prisingly, screening a variety of commercially 
available transaminases provided no enzyme with 
detectable activity for amination of the prosita- 
gliptin ketone (Fig. 2B). We therefore applied a 
combination of in silico design and directed evo- 
lution in an effort to confer such activity. 

An (R)-selective transaminase [ATA-117 (/5), 
a homolog of an enzyme from Arthrobacter sp.] 
(/6) was previously used for R-specific transam- 
ination of methyl ketones and small cyclic ketones 
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Pharmaceutical synthesis can benefit greatly from the selectivity gains associated with enzymatic 
catalysis. Here, we report an efficient biocatalytic process to replace a recently implemented 
rhodium-catalyzed asymmetric enamine hydrogenation for the large-scale manufacture of the 
antidiabetic compound sitagliptin. Starting from an enzyme that had the catalytic machinery to 
perform the desired chemistry but lacked any activity toward the prositagliptin ketone, we applied 
a substrate walking, modeling, and mutation approach to create a transaminase with marginal 
activity for the synthesis of the chiral amine; this variant was then further engineered via directed 
evolution for practical application in a manufacturing setting. The resultant biocatalysts showed 
broad applicability toward the synthesis of chiral amines that previously were accessible only via 
resolution. This work underscores the maturation of biocatalysis to enable efficient, economical, 
and environmentally benign processes for the manufacture of pharmaceuticals. 


symmetric hydrogenation technologies are 
being increasingly used for commercial- 
scale manufacture of fine chemicals and 


pharmaceuticals (/). Solutions that address remain- 
ing shortcomings of such technologies, including 


insufficient stereoselectivity (requiring further up- 
grading of the product), are still being sought. Even 
though biocatalysis is rarely constrained by these 
shortcomings, enzymes may suffer from other lim- 
itations, such as low turnover numbers, instability 
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the need for high-pressure hydrogen, the use and 
subsequent removal of precious and toxic transi- 
tion metals, the oftentimes lengthy process of lig- 
and screening and synthesis, and the generally 
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toward the demanding conditions of chemical 

processes, and postreaction processing issues. 
The current synthesis of sitagliptin (2, 3) in- 

volves asymmetric hydrogenation of an enamine 
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(11, 12). To assess the feasibility of developing an 
enzyme for sitagliptin synthesis, we generated a 
structural homology model of ATA-117 (/7) to 
develop hypotheses for initial library designs. 
Docking studies using this model suggested that 
the enzyme would be unable to bind prositaglip- 
tin ketone (Fig. 2B) because of steric interference 
in the small binding pocket and potentially un- 
desired interactions in the large binding pocket 
(Fig. 2C). By using a substrate walking approach 
(78) with a truncated substrate (Fig. 2D), we first 
engineered the large binding pocket of the en- 
zyme and then evolved that enzyme for activity 
toward prositagliptin ketone. 

Consistent with the model, ATA-117 was poorly 
active on the truncated methyl ketone analog 
(Fig. 2D), giving 4% conversion at 2 g/l substrate 
loading (table S2). Site saturation libraries of res- 
idues lining the large pocket of the active site pro- 
vided new variants with increased activity toward 
the methyl ketone analog. The best variant con- 
tained a S°? — P??3 [§223P (/9)] mutation and 
showed an 11-fold activity improvement (Fig. 3 
and table S1). On the basis of this improved var- 
iant (ATA-117: S223P), we generated a small 
library of enzyme variants for potential activity 
on prositagliptin ketone. Analysis of the enzyme 
model suggested four residues that could poten- 
tially interact with the trifluorophenyl group [V69, 
F122, T283, and A284 (/9)]. Each of these po- 
sitions was individually subjected to saturation 
mutagenesis and also included in a combinatorial 
library that evaluated several residues at each po- 
sition on the basis of structural considerations 
[Vv G® and V > A® (V69GA), F122AVLIG, 
T283GAS, and A284GF; library size of 216 var- 
iants]. A variant containing four mutations, three 
in the small binding pocket and one in the large 
pocket, provided the first detectable transaminase 
activity on prositagliptin ketone (Fig. 3 and table 
S3). No detectable activity was identified in any 
of the variants from the single amino acid site sat- 
uration libraries. Initial activity was accomplished 
via an F122I, V, or L mutation in combination 
with V69G or A284G. Docking studies indicated 
that these mutations may relieve the steric inter- 
ference in the small binding pocket (Fig. 2E). En- 
zyme loading of 10 g/l provided 0.7% conversion 
of 2 g/l of ketone over 24 hours, corresponding to 
an estimated turnover of 0.1 per day. Screening 
the same combinatorial library in the ATA-117 
context without the S223P large binding pocket 
mutation did not provide any variant with detect- 
ible activity toward prositagliptin ketone. Having 
attained activity through computer-aided catalyst 
design, we started evolving an enzyme variant for 
a practical, large-scale process. 

The variant with the highest activity toward 
prositagliptin ketone from round 1b was chosen 
as the parent for the second round of evolution, 
and all the beneficial mutations from both the 
small-pocket combinatorial library and the large- 
pocket saturation mutagenesis libraries were 
combined into a new library. Screening of this li- 
brary resulted in a variant with 75-fold increased 
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Fig. 1. (A) The current synthesis of sitagliptin involves enamine formation followed by asymmetric hy- 
drogenation at high pressure (250 psi) using a rhodium-based chiral catalyst, providing sitagliptin in 97% e.e., 
with trace amounts of rhodium. Recrystallization to upgrade e.e. followed by phosphate salt formation 
provides sitagliptin phosphate. (B) Our biocatalytic route features direct amination of prositagliptin ketone 
to provide enantiopure sitagliptin, followed by phosphate salt formation to provide sitagliptin phosphate. 


Fig. 2. Previous substrate range studies suggested that the active site of transaminase consists of large (L) 
and small (S, typically limited to substituents about the size of a methyl group) binding pockets as mapped 
on the structure of acetophenone (A). Accordingly, the structure of prositagliptin ketone (B) can be mapped 
on these binding pockets and docked into the active site of the homology model (C). A prositagliptin ketone 
analog (D) was designed to fit the large pocket for initial optimization of this part of the active site. After 
initial engineering of the large pocket, an enzyme variant was generated with activity on the desired 
substrate (E) by excavating the small pocket (gray/blue, transaminase homology model; orange, large 
binding pocket; turquoise, small binding pocket; green, PLP and catalytic residues). 
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Fig. 3. Performance of evolvants in HTP screening over the course of evolution. *Mutations accumulated 
in each round of evolution; reference amino acid refers to parent from previous round of evolution. ‘Fold 
improvement over parent refers to the parent for that round of evolution. #Mutagenesis experiments 
showed that these mutations were not critical for activity toward prositagliptin ketone. The top variant 
from round 1b contained three mutations in the small pocket; however, two are sufficient for achieving 
detectable activity. Dash entry indicates starting enzyme; RT, room temperature. 


activity compared with that of the second-round 
parent. This variant contained 12 mutations, 10 of 
which map to the binding pocket model (Fig. 3 
and table S5). 

Despite this substantial activity enhancement, 
this catalyst was not yet of practical utility. Re- 
action conditions in a chemical plant are much 
different from the conditions that an enzyme en- 
counters in nature, making the development of 
practical biocatalytic processes a multidimensional 
challenge (20, 2/). The solubility of the prosita- 
gliptin ketone in water is low (<1 g/l), necessitat- 
ing a substantial amount of organic cosolvent to 
prevent precipitation during reaction. After an 
evaluation of various cosolvents, methanol and 
dimethylsulfoxide (DMSO) were identified as 
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optimal with regard to both enzyme performance 
and ketone solubility (table S7). Solubility can 
also be enhanced by operating at higher tem- 
peratures, prompting our selection of higher boi- 
ling DMSO as the preferred solvent. Because 
transaminase-catalyzed reactions are equilibrium 
controlled, product accumulation is favored by a large 
excess of the amine donor isopropylamine (i-PrNH>) 
and/or removal of acetone coproduct. Thus, in 
order to meet the required performance for practical 
application, the biochemical characteristics of the 
transaminase needed to be improved to withstand 
the harsh conditions of at least 100 g/l (250 mM) 
prositagliptin ketone, 1 M i-PrNH>, >25% DMSO, 
and a temperature of >40°C for a period of 24 
hours, and to give product with >99.9% e.e. 
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Biocatalyst libraries were generated by using 
a variety of methods in subsequent iterative rounds 
of directed evolution (22-25). Screening of these 
libraries under processlike conditions provided var- 
iants that were increasingly tolerant to the desired 
process conditions. Specific reaction conditions 
could not be devised at project inception because 
no catalyst was available for evaluation of such 
conditions. Consequently, chemical process devel- 
opment and enzyme optimization were performed 
in parallel, with process conditions iteratively op- 
timized as improved enzymes became available. 
Over the course of 11 rounds of evolution, high 
throughput (HTP) screening conditions were ren- 
dered more stringent with the rising activity and 
tolerance of the biocatalyst. Specifically, we in- 
creased the substrate concentration from 2 to 100 g/l, 
the i-PrNH> concentration from 0.5 to 1 M, the 
cosolvent from 5 to 50% DMSO, the pH from 
7.5 to 8.5, and the temperature from 22° to 45°C, 
ultimately leading to a catalyst that met the re- 
quired process targets (table S8). All active tran- 
saminase variants tested met the >99.9% e.e. 
target. Variants generated via this approach were 
simultaneously optimized for several performance 
criteria: activity; tolerance to DMSO, acetone, and 
i-PrNH,; stability to the elevated temperature of 
the reaction medium; and expression in an Esche- 
richia coli manufacturing host. 

The sequence changes accumulated through 
this process gave rise to a compounded improve- 
ment of four orders of magnitude in activity from 
the initial prositagliptin transaminase (26). The 
final catalyst contained 27 mutations; of the 17 
noncatalytically essential amino acid residues pre- 
dicted to be interacting with the substrate, 10 were 
mutated in the final variant. The 27 mutations 
were obtained by screening various libraries that 
included diversity identified via structure-aided 
design of the small binding pocket (4 mutations), 
site saturation mutagenesis of the large binding 
pocket (5 mutations), site saturation mutagenesis 
of the small binding pocket (1 mutation), site 
saturation mutagenesis of positions outside the 
binding pockets (2 mutations), homology libraries 
(10 mutations), and random mutagenesis (5 muta- 
tions). The progression of mutagenesis is depicted 
on the homology model (Fig. 4). After the active 
site was engineered to accommodate the substrate 
in the initial rounds, further improvements to gen- 
erate a productive catalyst came from substantial 
modification in the dimer interfacial region. The 
enzyme is presumably active only as a dimer (27); 
we can speculate that these mutations serve to 
strengthen dimer interactions in the face of in- 
creasingly destabilizing reaction conditions (28). 

Under optimal conditions (/7), the best var- 
iant converted 200 g/l prositagliptin ketone to 
sitagliptin of >99.95% e.e. (the undesired enan- 
tiomer was never detected) by using 6 g/l enzyme 
in 50% DMSO with a 92% assay yield at the end 
of reaction (table S11). In comparison with the 
rhodium-catalyzed process (Fig. 1A), the bio- 
catalytic process provides sitagliptin with a 10 to 
13% increase in overall yield, a 53% increase in 
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Fig. 4. Structural models of variants from sequential stages of the evolution 
program. Accumulated mutations are highlighted in purple on the homology 
model of the transaminase used in this study (size exclusion chromatography 
data show that the enzyme forms a dimer). The top row shows the mutations 
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productivity (kg/l per day), a 19% reduction in 
total waste, the elimination of all heavy metals, 
and a reduction in total manufacturing cost; the 
enzymatic reaction is run in multipurpose vessels, 
avoiding the need for specialized high-pressure 
hydrogenation equipment. 

The enzymes developed for sitagliptin syn- 
thesis have a broad substrate range and increased 
tolerance to high concentrations of i-PrNH> and 
organic solvent that enhances their practical util- 
ity. For instance, various trifluoromethyl-substituted 
amines as well as phenylethylamines with electron- 
rich substituents (Fig. 5 and fig. S6), which cannot 
be generated via traditional reductive amination, 
were prepared with near-perfect stereopurity. The 
engineered transaminases also enabled efficient 
access to chiral pyrrolidines. As such, these en- 
zymes provide a general approach for the practical 
synthesis of chiral amines from prochiral ketones, 
which is of general interest in pharmaceutical 
manufacturing (29). 

Although naturally occurring enzymes rarely 
offer ideal manufacturing catalysts, directed evo- 
lution provides an effective means to overcome 
this limitation. We have demonstrated that com- 
bining modeling with directed evolution offers a 
rapid means of creating an active enzyme that can 
operate under the demanding conditions required 
for the manufacture of pharmaceuticals. In ad- 
dition, we have removed the intrinsic limitation 
that transaminases accept only a methyl substi- 
tuent adjacent to the carbonyl functionality, there- 


by making substantial progress toward a general 
approach for the safe, efficient, environmental- 
ly friendly production of chiral primary amines. 
The manufacture of chiral alcohols is already 
often accomplished with biocatalysts (30-32); 
chiral amine synthesis via the enzymatic platform 
described here is expected to reach a similar level 
of broad utility and robustness. This development 
will serve as a model for the implementation of 
other biocatalytic manufacturing processes in 
which enzymes can be evolved to meet desired 
chiral process targets. 
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Computational Design of an Enzyme 
Catalyst for a Stereoselective 
Bimolecular Diels-Alder Reaction 


Justin B. Siegel,”2* Alexandre Zanghellini,2*+ Helena M. Lovick,? Gert Kiss,* 
Abigail R. Lambert,° Jennifer L. St.Clair,? Jasmine L. Gallaher,? Donald Hilvert,° 
Michael H. Gelb,? Barry L. Stoddard,” Kendall N. Houk,* Forrest E. Michael,? David Baker?"’$ 


The Diels-Alder reaction is a cornerstone in organic synthesis, forming two carbon-carbon 
bonds and up to four new stereogenic centers in one step. No naturally occurring enzymes 
have been shown to catalyze bimolecular Diels-Alder reactions. We describe the de novo 
computational design and experimental characterization of enzymes catalyzing a bimolecular 
Diels-Alder reaction with high stereoselectivity and substrate specificity. X-ray crystallography 
confirms that the structure matches the design for the most active of the enzymes, and 
binding site substitutions reprogram the substrate specificity. Designed stereoselective catalysts 
for carbon-carbon bond-forming reactions should be broadly useful in synthetic chemistry. 


ntermolecular Diels-Alder reactions are impor- 

tant in organic synthesis (/—3), and enzyme 

Diels-Alder catalysts could be invaluable in 
increasing rates and stereoselectivity. No natu- 
rally occurring enzyme has been demonstrated 
(4) to catalyze an intermolecular Diels-Alder 
reaction (/, 2), although catalytic antibodies have 
been generated for several Diels-Alder reactions 
(3, 4). We have previously used the Rosetta 
computational design methodology to design 
novel enzymes (5, 6) that catalyze bond-breaking 
reactions. However, bimolecular bond-forming 
reactions present a greater challenge, because 
both substrates must be bound in the proper 
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relative orientation in order to accelerate the 
reaction and impart stereoselectivity. Also, pre- 
vious successes with computational enzyme de- 
sign have involved general acid-base catalysis 
and covalent catalysis, but the Diels-Alder 
reaction provides the opportunity to alter the re- 
action rate by modulation of molecular orbital 
energies (7). To investigate the feasibility of de- 
signing intermolecular Diels-Alder enzyme cata- 
lysts, we chose to focus on the well-studied model 
Diels-Alder reaction between 4-carboxybenzy] 
trans-1,3-butadiene-l-carbamate and N,N- 
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dimethylacrylamide (Fig. 1, substrates 1 and 2, 
respectively) (8). 

The first step in de novo enzyme design is to 
decide on a catalytic mechanism and an asso- 
ciated ideal active site. For normal-electron-demand 
Diels-Alder reactions, frontier molecular orbital 
theory dictates that the interaction of the highest 
occupied molecular orbital (HOMO) of the diene 
with the lowest unoccupied molecular orbital 
(LUMO) of the dienophile is the dominant inter- 
action in the transition state (7). Narrowing the 
energy gap between the HOMO and LUMO will 
increase the rate of the Diels-Alder reaction. This 
can be accomplished by positioning a hydrogen 
bond acceptor to interact with the carbamate NH 
of the diene (thus raising the energy of the HOMO 
energy and stabilizing the positive charge accumu- 
lating in the transition state), and a hydrogen bond 
donor to interact with the carbonyl of the dieno- 
phile (lowering the LUMO energy and stabilizing 
the negative charge accumulating in the transition 
state) (9). Quantum mechanical (QM) calculations 
predict that these hydrogen bonds can stabilize the 
transition state by up to 4.7 kcal mol |. (fig. S1). In 
addition to electronic stabilization, binding of the 
two substrates in a relative orientation optimal for 
the reaction is expected to produce a large increase 
in rate through entropy reduction (/0). Thus, a 
protein with a binding pocket (Fig. 1) that po- 
sitions the two substrates in the proper relative 
orientation and has appropriately placed hydro- 
gen bond donors and acceptors is expected to be 
an effective Diels-Alder catalyst. 


Fig. 1. The Diels-Alder reaction. Diene (1) and dienophile (2) undergo a pericyclic [4 + 2] cycloaddition (3) 
to form a chiral cyclohexene ring (4). Also shown in (3) is a schematic of the design target active site, with 
hydrogen bond acceptor and donor groups activating the diene and dienophile and a complementary 
binding pocket holding the two substrates in an orientation optimal for catalysis. 
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Fig. 2. Structure of a designed Diels-Alderase. (A) Surface view of the 
design model (DA_20_00, green) bound to the substrates (diene and 
dienophile, purple). The catalytic residues making the designed hydrogen 
bonds are depicted as sticks. (B) Overlay of the design model (DA_20_00, 
brown) and crystal structure of DA_20_00_A74I (green). (C) Contribution of 
designed residues to catalysis assessed through reversions back to the native 
amino acid at each position individually. Colors indicate the reduction in 
activity upon reversion to the native amino acid; twofold (blue) to >10 fold 


(red). The figure was generated with PyMol (27). 


We used the Rosetta methodology to design 
in silico enzyme models containing active sites 
with the desired properties (Fig. 1). The design 
methodology starts from three-dimensional atomic 
models of minimal active sites (theozymes) con- 
sisting of the reaction transition state and pro- 
tein functional groups involved in binding and 
catalysis. We chose the carbonyl oxygen from a 
glutamine or asparagine to hydrogen bond with 
the N-H of the diene carbamate and the hy- 
droxyl from a serine, threonine, or tyrosine to 
hydrogen bond with the carbonyl oxygen of the 
dienophile amide moiety (Fig. 1). QM calcula- 
tions were carried out to determine the geometry 
of the lowest free energy barrier transition state 
between substrates and product in the presence 
of these hydrogen bonding groups. Starting 
from these coordinates, a large and diverse en- 
semble of distinct minimal active sites was then 
generated by systematically varying the identity 
and rotameric state of the catalytic side chains, 
the hydrogen bonding geometry between these 
residues and the transition state, and the internal 
degrees of freedom of the transition state (figs. 
S4 and S5). 

By using RosettaMatch (//), we searched a 
set of 207 stable protein scaffolds for backbone 
geometries that allow the two catalytic residues 
and the two substrates, oriented as in one of the 
minimal active sites, to be placed without mak- 
ing substantial steric clashes with the protein 
backbone. A hashing technique allows efficient 
searching through the very large number of dis- 
tinct sites (4). From the set of 10!° possible active 


Table 1. Kinetic parameters for DA_20_00, DA_20_10, and DA_42_04. Reactions for DA_20_00, 
DA_20_10, and DA_42_04 were carried out at 298 K (4). The errors represent the calculated 95% 
confidence interval. Kinetic parameters for catalytic monoclonal antibodies (mAb) 7D4 and 4D5 at 310 K were 
taken from (9, 14). The Kuncat for the Diels-Alder reaction at 298 K was found to be 2.44 x 10-7 M* hour *, 
in good agreement with the previously reported value at 310 K of 4.29 x 10°? M* hour™*. 


kat/(Km-diene x 


Keat Kwy-diene Kw-dieno hile Keat/Km-diene Kat! Km-dieno hile 

Katalyst (hour™*) (mM) (mM) (s-? M73) (s-2 M3) Ku-dienophite) 
(s-* M~* M™*) 

DA_20.00 0.10+0.02 3.5415 146.0+42.5 0.008 0.0002 0.06 

DA_20.10 2.13 +024 1340.1 72.8+5.1 0.455 0.0081 6.23 

DA_42_04 0.03+0.01 05+0.1 16.2 + 3.2 0.017 0.0005 1.03 

mAb 7D4 0.21 1.0 1.7 0.058 0.0343 20.18 

mAb 4D5 0.21 1.6 5.9 0.036 0.0099 6.19 


site configurations, about 10° could be matched 
in a stable protein scaffold. Each match was 
then optimized by using RosettaDesign (/2) to 
maximize transition state binding while not 
clashing with bound substrates or product (4). 
These designs were filtered on the basis of sat- 
isfaction of catalytic geometry, transition state 
binding energy, and shape complementarity 
between designed pocket and the transition state 
(4). A total of 84 designs were selected for ex- 
perimental validation. 

Genes encoding these 84 designs were syn- 
thesized with a C-terminal six-histidine affinity 
tag and expressed in Escherichia coli. Fifty of the 
designed proteins were soluble; these were puri- 
fied by using affinity chromatography, and Diels- 
Alder activity was monitored by using a liquid 
chromatography—tandem mass spectrometry assay 
in a phosphate-buffered saline (PBS) solution at 
pH =74 and 298 K (4). Two designs (DA_20_00 


and DA_ 42. 00) were found to have Diels-Alderase 
activity. The active design DA_20_00 was created 
from a six-bladed B-propeller scaffold [Protein 
Data Bank identification code (PDB ID) 1E1A; a 
diisopropylfluorophosphatase from Loligo vulgaris, 
13 mutations, fig. S6A]. As observed for many 
native B-propeller enzymes, the functional groups 
that play key roles in catalysis—a glutamine car- 
bonyl group and a tyrosine hydroxyl group that 
provide the activating hydrogen bonds—are lo- 
cated in the middle of one side of the propeller. 
The rest of the pocket is lined with hydrophobic 
residues that form a tight shape-complementary 
surface (Fig. 2A). The active design DA_42 00 
was created from the ketosteroid isomerase scaf- 
fold (PDB-ID 1OHO, 14 mutations, fig. S4B). The 
active site is quite different than that of DA_20_00 
in that only the carbon-carbon bond-forming por- 
tion of the diene and dienophile is actually buried 
within the protein. 
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Fig. 3. Kinetic characterization. 
(A) Dependence of reaction velocity 
for DA_20_10 on diene concentra- 
tion for different fixed dienophile 
concentrations. The diene concentra- 
tion was varied from 3.0 to 0.18 mM 
with fixed concentrations of 100 mM 
(4), 66 mM (®), 44 mM (), 30 mM(4), 
20 mM(v), and 13 mM (@) dieno- 
phile. (B) Dependence of reaction ve- 
locity for DA_42_04 at varying diene 
concentrations for different fixed di- 
enophile concentrations. The diene 
concentration was varied from 2.0 to 
0.06 mM with fixed concentrations 
of 100 mM (4), 50 mM (®), 25 mM 
(), 13 mM(4), 7 mM(¥), and 3 mM 
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Fig. 4. Absolute stereoselectivity of DA_20_10. The transition states that lead to the four possible 
ortho-stereoisomers are shown above the reaction chromatograms. Background reaction: 2 mM diene 
and 70 mM dienophile in a PBS solution for 24 hours at 298 K. DA_20_10 reaction: 50 uM protein, 
0.5 mM diene, and 10 mM dienophile in a PBS solution for 48 hours at 298 K (4). 


To further improve the catalytic activity of 
DA_20_00 and DA_42 00, we mutated resi- 
dues that were in direct contact with the tran- 
sition state in each designed enzyme individually 
to sets of residues that were predicted to retain 
or improve transition state binding and bolster 
the two catalytic residues. A set of six mutations 
[A?! > T?! (A21T) (3), A741, QI49R, A173C, 
S271A, and A272N] was found to increase the 
overall catalytic efficiency of DA_20_00 by 
over 100-fold relative to the original design 
model (Table 1; we refer to the DA_20_00 pro- 
tein with these six additional mutations as 
DA_20_ 10, fig. S6C). Three of the mutations 
improve the packing around the transition state 
(A741 and A21T) and the catalytic glutamine 


www.sciencemag.org SCIENCE VOL 329 


(A173C). Two of the mutations likely improve 
the overall electrostatic complementarity with 
the bound substrates: Q149R hydrogen bonds 
to the carboxylate on the diene, and S271A 
makes the dienophile environment more non- 
polar. The last mutation (A272N) reverts a designed 
alanine residue back to the native asparagine: 
Molecular dynamics simulations (4) suggested 
that the catalytic tyrosine can flip into an alter- 
native conformation not positioned to activate 
the dienophile, and a larger residue at 272, such 
as the native asparagine, was predicted to hold 
the tyrosine in the conformation required for 
catalysis. 

For DA_42 00, a set of four mutations (Q58R, 
L61M, A99N, and V1011) (/3) was found to 


0 5 10 15 


1/[Diene] (mM)* 


20 


increase the observed catalytic activity roughly 
20-fold over the original design (Table 1; we 
refer to the DA_42_00 protein with four addi- 
tional mutations as DA_42 04, fig. S6D). As 
in the case of DA_20_00, all of these mutations 
increase the size of the amino acid and either 
improve packing or electrostatic interactions with 
the ligand. 

To investigate the contributions of the two 
catalytic residues in DA_20_10 to catalysis, we 
mutated glutamine 195 into a glutamate (Q195E) 
and tyrosine 121 into a phenylalanine (Y121F) 
(73). We had originally incorporated a glutamine 
rather than a glutamate at position 195, despite 
the fact that the carboxylate is more effective 
than the amide at increasing the energy of the 
diene HOMO, because we were concerned about 
the unfavorable contribution of carboxylate desolv- 
ation to substrate binding. Furthermore, QM cal- 
culations predict that the amide group of glutamine 
can simultaneously interact with the diene and 
dienophile, resulting in a 2 kcal mol! lower ac- 
tivation barrier than if glutamate was used as a 
catalytic residue (fig. SIC). Indeed, the Q195E 
mutation showed almost complete loss of acti- 
vity (450-fold less activity), illustrating the sen- 
sitivity of the enzyme to the details of the designed 
active site. The Y121F mutation decreases cat- 
alytic activity 27-fold, consistent with the 
removal of a hydrogen bond that contributes 
to dienophile binding and a lowering of its 
LUMO. 

The kinetic parameters of the DA 20 00, 
DA_20 10, and DA_42_04 catalyzed reactions 
were determined by measuring the dependence 
of the reaction velocity on the concentration of both 
diene and dienophile (4). The kinetic param- 
eters are summarized in Table 1, and double re- 
ciprocal plots for DA_20_10 and DA_42 04 are 
shown in Fig. 3, A and B. DA_20_10 has an ef- 
fective molarity [catalytic rate constant/uncatalyzed 
rate constant (Kea/Kyncat) = 89 M] 20 times greater 
than those of the catalytic antibodies 7D4 (9) and 
4D5 (/4) previously elicited for the same reaction. 
DA_42_04 binds both the diene and the dieno- 
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phile more tightly [significantly lower Michaelis 
constant (Kj,)] than DA_20_ 10, but the k... is 
100-fold lower, suggesting that the orientation of 
the two substrates relative to each other and/or to 
the catalytic groups is not optimal. 

At high substrate concentrations, DA_20_10 
proceeds for more than 30 turnovers with some 
loss of activity over time due to aggregation (4). 
At high enzyme concentrations, more than 80% 
of the diene substrate is converted to product (fig. 
S7). These properties suggest that de novo de- 
signed enzymes could be useful as catalysts in 
production-level chemical syntheses. 

Some Diels-Alder reactions can be acceler- 
ated by binding within a nonspecific hydro- 
phobic pocket (/5). This, however, does not 
appear to be the case for the reaction studied 
here: E. coli cell lysate, cyclodextrins, and bovine 
serum albumin have either no effect or actually 
inhibit the reaction (table S2). The importance 
of the active site binding geometry is highlighted 
by a comparison of DA_42 04 and DA_20 10: 
DA_42_ 04 binds the substrates much more tight- 
ly but has a much lower 4... To further probe 
the sensitivity of DA_20_10 catalysis to the 
details of the active site geometry, we reverted 
each of the 15 residues constituting the active 
site one at a time to its identity in the original 
scaffold. Remarkably, nine of the reversions com- 
pletely abolished activity; the other six muta- 
tions decreased activity by 1.5-fold to 10-fold 
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(Fig. 2C and table S5). The reversions that signifi- 
cantly reduced the catalytic activity of DA_20_10 
are primarily in the core of the binding site, 
whereas mutations that had less of an effect on 
activity are closer to the active site rim. Similar 
sensitivities were observed for mutations that 
disrupt binding in DA _42 04 (4). Thus, al- 
though the catalytic efficiencies of the com- 
putationally designed Diels-Alderases are small 
in comparison with those of native enzymes, they 
exhibit similar sensitivity to the details of the 
active site and provide much more than a general 
hydrophobic environment. 

To determine how well the structure of 
DA_20_00 matched the design model, we solved 
the crystal structure of one of the active var- 
iants of DA_20_00 (harboring the A74I mu- 
tation; Fig. 2B). The crystal structure solved to 
1.5 A resolution (table S4 and Fig. 2B) shows 
atomic-level agreement with the design model, 
with an all-atom root mean square deviation 
(RMSD) of 0.5 A. The major deviation be- 
tween the crystal structure and the design mod- 
el is in a surface loop, which appears to be pulled 
back from the predicted active site (RMSD on 
residues 32 to 46, 0.93 A). The conformations 
of the side chains at the active site in the crystal 
structure are close to those in the design model; 
taken together with the reversion data described 
above and the complete lack of activity observed 
for the starting scaffold (fig. S8), these results 


Uncatalyzed 


Fig. 5. Control of substrate specificity. Reactions were carried out with 0.2 mM diene 1 (Fig. 1), and 10 
mM of one of the six dienophiles depicted above in PBS at 298 K in the absence or presence of 60 uM 
DA_20_10 or DA_20_10_H287N. The values in the figure are the mean (colored bars) and standard 
deviation (error bars) of four independent measurements of the product peak area (arbitrary units) 


formed per hour (4). 


strongly suggest that the experimentally ob- 
served activity is generated by the designed ac- 
tive site. 

The Diels-Alder reaction studied here can, 
in principle, produce eight different isomeric 
products, four of which are experimentally 
observed in the reaction in solution (9). The 
computational design was directed at the tran- 
sition state that yields the 3R,4S endo product, 
which only comprises 47% of the total product 
mixture formed in the uncatalyzed reaction. 
To determine the stereoselectivity of DA_20_10 
(Fig. 4), we used a previously described liquid 
chromatography—tandem mass spectrometry as- 
say with a chiral column (/6). Consistent with 
the design, DA_20_10 only catalyzes the for- 
mation of the expected 3R,4S product (>97%, 
fig. S9). 

Besides stereoselectivity, the level of control 
over a chemical reaction by a designed enzyme is 
reflected by its substrate specificity. To investi- 
gate the substrate specificity of DA_20_10, we 
characterized product formation with six different 
dienophiles that share the same acrylamide core 
but have different nitrogen substituents (Fig. 5). 
The catalytic activity against each of the substrates 
was measured by using a liquid chromatography 
mass spectrometry assay (4). DA_20_10 was ob- 
served to strongly favor the substrate for which it 
was designed. Even slight changes, such as adding 
a methyl group to the N,N-dimethylacrylamide 
(Fig. 5, 2A versus 2B), significantly decreased 
the activity of DA_20 10, consistent with the 
tight packing of the active site around the two 
substrates. 

In addition to the ability to catalyze new re- 
actions with high substrate specificity and stereo- 
selectivity, one of the promises of de novo enzyme 
design is that once an initial active enzyme is engi- 
neered it can be easily modified to catalyze similar 
reactions with alternate substrates. To explore this 
possibility, we mutated histidine 287 on one side 
of the dienophile binding pocket in DA_20_10 
to asparagine and several other residues. The 
H287N mutation has a substrate specificity pro- 
file different from DA_20_ 10; in particular there 
is a 13-fold switch in specificity for dienophile 
2E relative to 2A, while the selectivity against 2F 
is maintained (Fig. 5). The specificity switch may 
have two origins: The histidine in the crystal struc- 
ture clashes with the larger substrates, and the 
amino group on the asparagine can hydrogen 
bond with the hydroxyl in 2E. 

Although we have succeeded in computa- 
tionally designing an enzyme that catalyzes an 
enantio- and diastereoselective intermolecular 
reaction, there is much room for improvement 
in our computational design methods. Only 2 
of the 50 designed enzymes tested had mea- 
surable activity, and a much higher success 
rate and higher overall activities are desirable. 
The differences in k,. of the two designed en- 
zymes suggest that more precise control over the 
orientation of the two substrates relative to one 
another and to the catalytic residues could result 
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in considerably more active designs. On the ex- 
perimental side, by analogy with our previous 
results with computationally designed Kemp elim- 
inases (5), it should be possible to increase the 
activity of these enzymes by directed evolution. 

The agreement between the designed and the 
experimentally observed substrate specificity and 
stereoselectivity of DA_20 10 is notable given 
the importance of selectivity in organic chemistry 
reactions. The capability to rationally control both 
substrate specificity and stereoselectivity via de- 
signed enzymes opens up new avenues of research 
in both basic and applied chemistry. 
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Meniscus-Confined Three-Dimensional 
Electrodeposition for Direct Writing 


of Wire Bonds 


Jie Hu and Min-Feng Yu* 


Continued progress in the electronics industry depends on downsizing, to a few micrometers, the wire 
bonds required for wiring integrated chips into circuit boards. We developed an electrodeposition method 
that exploits the thermodynamic stability of a microscale or nanoscale liquid meniscus to “write” pure 
copper and platinum three-dimensional structures of designed shapes and sizes in an ambient air 
environment. We demonstrated an automated wire-bonding process that enabled wire diameters of less 
than 1 micrometer and bond sizes of less than 3 micrometers, with a breakdown current density of 
more than 107* amperes per square meter for the wire bonds. The technology was used to fabricate 
high-density and high-quality interconnects, as well as complex three-dimensional microscale and even 


nanoscale metallic structures. 


s an essential part of any integrated chip, 
interconnects provide the electrical paths 

needed in a circuit to pass signals and 

data among electrical devices or device units. The 
increasing device density in electronic chips has 
led to exponential growth in the density of inter- 
connects and the complexity of their design. With 
the introduction of three-dimensional (3D) chip ar- 
chitecture, interchip vias (/) constitute one method 
to integrate devices in 3D stacks, but altemative 
interconnect technologies that can provide flexible 
means to electrically wire microscale device 
components in three dimensions are still required. 
Traditional wire-bonding technology has 
served the electronics industry for many decades, 
satisfying the interconnection needs for device 
packaging (2). Recently, flip-chip interconnect 
technology was introduced as a means of increas- 


Department of Mechanical Science and Engineering, University 
of Illinois, 1206 West Green Street, Urbana, IL 61801, USA. 


*To whom correspondence should be addressed. E-mail: 
mfyu@illinois.edu 


www.sciencemag.org SCIENCE VOL 329 


ing the interconnect density and improving de- 
vice performance for high-frequency operation 
(3). However, downscaling this technology to 
interconnect pad pitches on the order of a few 
micrometers has proven to be difficult. Thermo- 
sonic gold wire bonding has a limiting pitch of 
~40 um, whereas flip-chip technology can achieve 
a pitch of ~100 «1m in industrial practices. This 
increases the on-chip space needed for the inter- 
connect pads, reduces the number of chips that 
can be produced per wafer, and consequently 
increases the cost per chip. It is expected that 
downscaling the traditional solder-based inter- 
connect cannot meet either the thermomechanical 
reliability requirement or the current density 
requirement at very fine pitches (4). 

Among the 3D microfabrication technologies 
that are compatible with electronic devices, e-beam— 
or focused ion beam—based deposition (5) and 
direct writing with metal colloidal ink (6) have 
been explored as methods for fabricating 3D 
interconnects with nanoscale or microscale di- 
mensions. E-beam— or focused ion beam—based 
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Fig. 1. (A) Schematic showing the general setup 
for meniscus-confined 3D electrodeposition. The 
long-travel piezostages (nominal resolution <10 
nm) provide the fine positioning needed to con- 
trol the travel path of the micropipette in the 3D 
space. The high-sensitivity electrometer circuit 
(resolution <1 pA) monitors and controls the ionic 
current. A magnified view at the nozzle—metal wire 
interface shows the formation of a meniscus (liquid 
bridge) serving as the stable confinement needed 
for the continuous electrodeposition of a uniform- 
diameter microscale or nanoscale metal wire as the 
micropipette is continuously withdrawn from the 
substrate surface. (B) SEM image showing the nozzle 
at the end of a glass micropipette with a side cut 
made by focused ion beam machining. (C) Electro- 


deposited Cu wires with different inclination angles 
fabricated with the use of a side-cut micropipette. 
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Overall, reducing the wire diameter and increasing 
the lateral length of the wire can also effectively 
benefit the lowering of such stresses. 

The growth rate of an electrodeposited wire is 
intrinsically limited by the rate of electrore- 
duction, or more specifically by the diffusion- 
limited ionic current (22) described by a recessed 
microelectrode (the growth front of the deposited 
metal wire) in a truncated cone (the tapered 
dispensing end of the micropipette). Nonetheless, 
the growth rate might be increased through an 
increase in electrolyte concentration and/or the 
use of a short tapered micropipette. Alternatively, 
an array of micropipettes can be deployed to in- 
crease the wire-bonding throughput. 

With the proper mechanical design and sys- 
tem control, this meniscus-confined 3D electro- 
deposition method can be used to fabricate more 
intricate microscale and nanoscale structures than 
those described here. Such structures could in- 
clude designed structural and device functionali- 
ties integrating a variety of metallic materials, such 
as magnetic and noble metals and even metal 
alloys. Moreover, because it is intrinsically a low- 
cost direct-writing technology, this technique can 
be used to fabricate such micro- or nanostructures 


on existing micro- or nanostructures when such 
fabrication becomes difficult or expensive with the 
traditional lithography process (fig. S3). 
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Cenozoic Tectonics of Western North 


America Controlled by Evolving 
Width of Farallon Slab 


W. P. Schellart,?* D. R. Stegman,”? R. J. Farrington,’ J. Freeman,*> L. Moresi?* 


Subduction of oceanic lithosphere occurs through two modes: subducting plate motion and trench 
migration. Using a global subduction zone data set and three-dimensional numerical subduction 
models, we show that slab width (W) controls these modes and the partitioning of subduction 
between them. Subducting plate velocity scales with W2, whereas trench velocity scales with 
1/W. These findings explain the Cenozoic slowdown of the Farallon plate and the decrease in 
subduction partitioning by its decreasing slab width. The change from Sevier-Laramide orogenesis 
to Basin and Range extension in North America is also explained by slab width; shortening 
occurred during wide-slab subduction and overriding-plate—driven trench retreat, whereas 
extension occurred during intermediate to narrow-slab subduction and slab-driven trench retreat. 


nderstanding the partitioning of plate 

| | consumption at subduction zones is vital 
for constraining its effect on mantle an- 
isotropy, dynamic topography, and overriding plate 
deformation at subduction zones (/—3). Subduction 
partitioning also exerts an important control on slab 
geometry (4, 5) and the style of mantle stirring [i.e., 
poloidal versus toroidal flow (5—8)], providing 
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constraints on the geochemical heterogeneity of 
the mantle. It remains unclear, however, how the 
rate of plate consumption at oceanic trenches [the 
subduction velocity (vs ,)] is partitioned into its two 
primary components, the trench-normal subduct- 
ing plate velocity (vsp,) and trench velocity (v7,), 
and what controls such partitioning. At present, 
variation in subduction partitioning (vsp,/vs_) 
ranges from subducting-plate-motion—controlled 
(vsp,/vs, > 0.5, such as for Sunda and Mexico— 
Central America) to trench-motion—controlled 
(Vsp,/Vs, < 0.5, such as for Scotia and Cascadia). 

Previous research suggests that plate age cor- 
relates with subducting plate velocity (9, /0) and 
trench velocity (//), but early work on global 
trench velocities contradicts the latter correlation 
(/2). Other research suggests that plate velocity 


is controlled by plate boundary fraction that is 
a subduction margin (/3), but this provides no 
explanation for the global variation in trench 
velocity. 

We present results from a global compilation 
of present-day subduction zone kinematics for 17 
subduction zones and three-dimensional numer- 
ical models of buoyancy-driven progressive free 
subduction of a dense four-layer plate into a strat- 
ified linear-viscous mantle (74). In the models, the 
plate has a strong viscous core 300 times more 
viscous than the upper mantle; however, because it 
is only 25 km thick, the lithosphere is still weak with 
respect to bending (/5—/7), in accordance with slab 
geometries, slab pull forces, and geoid signatures 
at subduction zones (5, 15, 17, 18). The subduct- 
ing plate is laterally homogeneous, and slab width 
(W )—the trench-parallel extent of a subducted 
slab that is limited by its lateral slab edges—varies 
between 300 and 7000 km. The causes for lateral 
slab edge formation are manifold, including slab 
tearing, slab window (gap) formation, subduction 
termination, and slab detachment. 

The global data set of current subduction kin- 
ematics indicates negligible to moderate correla- 
tions between plate boundary fraction that is a 
subduction margin and vgp, (Fig. 1A) and between 
plate age and vsp, or vr, (Fig. 1, B and C). In 
contrast, both the global data set and the dynamic 
models show that average vsp,, Vr,, and vsp,/vs, 
vary nonlinearly with W along with strong cor- 
relations (Fig. 2). In nature and models, vsp,/vs, 
and vgp, show a nonlinear increase with increasing 
W, whereas v-, shows a nonlinear decrease. 

The nonlinear increase of vgp, with W (Fig. 2, 
A and D) can be explained with Stokes-like sink- 
ing of an oblate ellipsoid (analog for slab) parallel 
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Fig. 1. Low to moderate correlations of subduction kinematics as a function 
of two subduction zone parameters (14). (A) Average trench-normal sub- 
ducting plate velocity (vcp,) for 14 plates as a function of percentage of plate 
circumference connected to a slab. (B) Average Vcp, as a function of average 
subducting plate age at the trench for 17 subduction zones. (C) Average trench- 
normal trench migration velocity (v;,) as a function of average subducting 
plate age at the trench for 17 subduction zones. Uncertainty in average age is 
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Fig. 2. Diagrams showing the influence of slab width (W) on (A and D) the trench-normal subducting plate 
velocity (vsp,), (B and E) the trench-normal trench migration velocity (v;,), and (C and F) the subduction 
partitioning ratio (vsp,/vs,). Data in (A) to (C) are from observations of 17 subduction zones on Earth, and 
data in (D) to (F) are from 11 numerical models of progressive subduction (14). Plots of the numerical 
models include time-weighted mean Vsp,, Vr, Vsp/Vs,, and W. We excluded subduction zones for which the 
average Vs, < 1.5 cm/year. Correlations in (A) to (C) are statistically significant at 99% confidence level, and 
correlations in (D) to (F) are statistically significant at 99.9% confidence level using Fisher's z. 


to its flat side by using an analytical formulation: 
vsp =k(W YP, with ky = SApg(LT )°7/18c:num 
(/4). Here, S' is the shape factor (19); Ap is the 
density contrast between ellipsoid and fluid; g is 
the gravitational acceleration; L and T are the 
ellipsoid length and thickness, respectively; c; is 
a constant; and num is the upper mantle vis- 
cosity. The nonlinear decrease of vp, with W 
(Fig. 2, B and E) is explicable in terms of mantle 
return flow required for lateral slab migration, 
which is quasi-toroidal and occurs exclusively 
around the lateral slab edges (5, 7, 8, 20). The 
viscous resistance to such flow originates from 
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viscous drag at the slab-mantle interface, scaling 
with the slab surface area (and thus with W), and 
from viscous drag at the upper-lower mantle bound- 
ary, scaling with W? (14). Therefore, the velocity 
is approximately inversely dependent on W: vy, ~ 
ko|(W+ ks), where ky = 2c.ApglLTzum/TNum k; = 
(4L/n)(1 + T/W), cz is a constant, and zym is the 
upper mantle thickness (/4). Because vsp,/vg, = 
Vsp,/(vgp, + Vr,), the nonlinear increase of vsp,/vs, 
with W (Fig. 2, C and F) is also explained. 

The control of Won vsp,/vs, (Fig. 2) affects 
many aspects of Earth dynamics, including upper 
plate deformation, slab geometry, potential slab 
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ponding at the transition zone, style of mantle 
flow, mantle anisotropy, and chemical heteroge- 
neity in the mantle. This relation explains the rapid 
motion and high partitioning of the Pacific, Nazca, 
Australian, and Cocos plates (vsp, => 4 cm/year 
and vsp,/Vvs, > 0.70) (Fig. 2, A and C) by the wide 
slabs attached to these plates (3100 to 7850 km). 
Slab age cannot explain such fast motion because 
average subducting plate velocities for Nazca and 
Pacific are similar (5.7 and 5.9 cm/year, respec- 
tively), whereas average ages at the trench are 
appreciably different [33 and 105 million years 
(My), respectively] (Fig. 1). 

The Juan de Fuca plate has the largest per- 
centage of subduction zone plate boundary of all 
plates (43%), yet it is one of the slowest subduct- 
ing plates (average vsp, = 1.9 cm/year) (Fig. 1A). 
We suggest that slow motion and low partitioning 
of the Juan de Fuca plate (mean vsp,/vg, = 0.41) 
result predominantly from its narrow slab (~1400 
km), enhancing slab rollback driven by its own 
negative buoyancy. Such rollback is consistent 
with the complex upper mantle anisotropy 
observed beneath the western United States (3) 
and active Basin and Range extension directed 
toward the Cascadia subduction zone (2/). 

The Juan de Fuca plate is currently one of the 
smallest plates on Earth, but in the geological past 
(referred to as Farallon plate) it was much larger. 
Indeed, the Farallon plate and slab decreased 
dramatically in trench-parallel extent by an order 
of magnitude during Cenozoic eastward subduc- 
tion below the west coast of the Americas (Fig. 
3A), resulting in a decrease in vsp,/vg, and vgp, 
(Fig. 3B). Applying the best-fit curves for vsp,/Vs. 
and vgp, from the numerical models (Fig. 2, D and 
F) to the Farallon plate, we can explain the decrease 
in Vgp,/vs, from 0.8 to 0.4 and most (~70%, or 
~5 cm/year) of the decrease in vgp, from ~9 to 
~2 cm/year (Fig. 3B). The moderate decrease in 
slab age from ~35 to ~10 My during the Cenozoic 
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(Fig. 3C) might account for another ~1 cm/year 
(~15%) of decrease in vgp,, aS suggested by the 
best-fit nonlinear curve for slab age and vgp, (Fig. 
1B). Furthermore, the fraction of Farallon plate 
boundary that existed as a subduction zone 
cannot explain any decrease in vsp, because it 
increased slightly during the Cenozoic (Fig. 3C). 

The progressive decrease in Farallon slab 
width can also explain the temporal and spatial 
change in overriding plate deformation in North 
America [shortening during the Sevier-Laramide 
orogeny in the Cretaceous to Early Eocene (22), 
followed by widespread extension from the Eocene 
to present in the Basin and Range province (23)]. 
These episodes of contrasting deformation took 
place during continued trench retreat and west-to- 
southwestward motion of the North American 
plate (24) (Fig. 3, B and D to H). During the Late 
Cretaceous and Early Cenozoic, the subducting 
Farallon slab was very wide (>10,000 km), resist- 
ing slab retreat, but was pushed back by the over- 
riding North American plate (Fig. 3D), which was 
rapidly driven westward because of fast poloidal 
corner flow and strong basal tractions resulting 
from rapid Farallon plate motion. This caused ma- 
jor overriding plate shortening in North America, 
in places exceeding 300 km (22), and would have 
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enhanced flat slab subduction of the Farallon 
plate. As the slab segmented and slab windows 
started to form, slab width decreased and quasi- 
toroidal return flow around the lateral slab edges 
increased, which initiated slab-buoyancy—driven 
trench retreat, caused upper-plate extension (Fig. 
3, E to H), and facilitated slab steepening. Fur- 
thermore, slower Farallon plate velocities reduced 
poloidal corner flow rates and basal tractions be- 
low North America. This might explain the Ceno- 
zoic slowing of the North American plate (Fig. 3, 
B and D to H) and the general decrease in spread- 
ing velocities in the northern Atlantic Ocean (25). 

The gravitational potential energy stored in 
the thickened orogenic crust facilitated Basin and 
Range extension (26) and migration of the sub- 
duction hinge. Furthermore, in conjunction with 
the weakened (hot) lithosphere due to the over- 
riding plate setting and the protracted period of 
orogenesis [~100 My (22)], this energy storage 
promoted the distributed style of deformation 
in the Basin and Range, as predicted by geody- 
namic models of lithospheric extension (27). Be- 
cause extension occurred over a vast area (Fig. 3, F 
to H), we argue that it is not a consequence of 
asthenosphere upwelling above the Californian 
slab window as previously proposed (28); the hor- 
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Fig. 3. The kinematics and several physical characteristics of the Farallon plate 
during the Cenozoic (74). (A) Evolution of trench-parallel Farallon slab width (WV) 
[compiled from (24, 29)]. (B) Evolution of average subduction partitioning (vsp,/Vs.), 
trench-normal subducting plate velocity (vcp,), trench-normal trench velocity (vz,), 
and trench-normal overriding plate velocity (vop,) with data compiled from (22-24). 
Also shown is timing of trench push-back (vz, < Vop,) and trench pull-back (v;, > 
Vop,). (C) Evolution of percentage of Farallon plate circumference that is connected 
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izontally projected extent of the window was at 
least an order of magnitude smaller than the extent 
of Basin and Range extension at 30 to 20 million 
years ago (Ma). 

Buoyancy-driven slab retreat and incipient ex- 
tension started in the Eocene at the northern edge 
of the Farallon slab (~45 Ma) when a slab window 
formed at the Pacific-Farallon—North American 
triple junction because of different subduction 
velocities on either side of the junction (Fig. 3E). 
This window grew dramatically when subduc- 
tion stopped north of the triple junction and a 
northern slab edge formed, further enhancing 
rollback and causing widespread extension in the 
northern Basin and Range (Fig. 3F). Another slab 
window formed in the Baja California region at 
~30 Ma (29) with slab edges on each side, allow- 
ing efficient mantle return flow and slab rollback 
that subsequently lead to widespread extension in 
the southern Basin and Range (Fig. 3F). The pro- 
posed slab behavior is in accordance with the 
model results, which show that wide slabs (~4000 
to 7000 km) retreat near their lateral edges be- 
cause of efficient toroidal-type mantle return flow 
(fig. S3C) (20). At ~15 Ma, slab width reduced to 
only ~2300 km (Fig. 3A), allowing buoyancy- 
driven rollback for the whole slab, as observed in 
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to a slab and evolution of average Farallon slab age at the trench (14). (D to H) 
Reconstructions of the Farallon-western North American subduction margin at 
(D) ~52 Ma (Early Eocene), (E) ~45 Ma (Middle Eocene), (F) ~30 Ma (Oligocene), 
(G) ~15 Ma (Middle Miocene), and (H) 0 Ma (present). Reconstructions were 
compiled from (22-24, 29), and plate motions are from (24). Plate 
abbreviations are CA, Caribbean; CO, Cocos; FA, Farallon; JF, Juan de Fuca; 
KU, Kula; NA, North America; NZ, Nazca; PA, Pacific; SA, South America. 
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models with narrow and intermediate-width slabs 

(fig. S3, A and B). Such rollback drove the main 

phase of Basin and Range extension (Fig. 3, G 

and H). 
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Simulated Rapid Warming of Abyssal 
North Pacific Waters 
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Takahiro Toyoda,? Yoshimi Kawai,? Toshimasa Doi,” Shinya Kouketsu,? Hiromichi Igarashi,” 
Katsuro Katsumata,* Hiroshi Uchida,’ Takeshi Kawano,* Masao Fukasawa 


Recent observational surveys have shown significant oceanic bottom-water warming. However, the 
mechanisms causing such warming remain poorly understood, and their time scales are uncertain. 
Here, we report computer simulations that reveal a fast teleconnection between changes in the 
surface air-sea heat flux off the Adélie Coast of Antarctica and the bottom-water warming in the 
North Pacific. In contrast to conventional estimates of a multicentennial time scale, this link is 
established over only four decades through the action of internal waves. Changes in the heat 
content of the deep ocean are thus far more sensitive to the air-sea thermal interchanges than 
previously considered. Our findings require a reassessment of the role of the Southern Ocean in 
determining the impact of atmospheric warming on deep oceanic waters. 


he densest waters of the world’s oceans 

are formed around Antarctica where heat 

exchange with the atmosphere and sub- 
sequent ice formation create uniquely dense water 
masses that sink rapidly and move northward. 
This Antarctic Bottom Water (AABW) (J, 2) re- 
mains largely isolated from further heat exchange 
as it spreads over much of the world’s ocean 
floor. By replenishing the supply of AABW, 
highly productive source regions such as the 
Weddell and Ross seas (Fig. 1) play an important 
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Fig. 1. Antarctic region. The 
Weddell and Ross seas are major 
source regions for Antarctic Bottom 
Water because here the dense, 
cold, and relatively saline shelf 
waters formed through air-sea heat 
exchange sink down the conti- 
nental slope into the deep South- 
ern Ocean. 
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role in the maintenance of the global thermoha- 
line circulation system. 

Recent observational surveys conducted during 
the World Ocean Circulation Experiment (WOCE) 
and the WOCE revisit (WOCE_rev) have revealed 
that the deepest waters of the major oceans have 
warmed during recent decades (3-5). This bottom- 
water warming ranges in magnitude from 0.003° 
to 0.01°C in the Pacific Ocean over the period 
1985 to 1999 (3, 6). Such temporal changes are of 
particular interest as they can constrain estimates 
of the variability of abyssal circulation. The latter 
have implications for large-scale thermohaline 
transport and thus for the global three-dimensional 
heat budget that is presently of vital concern (7). 

Despite its crucial importance, the physical 
mechanisms governing bottom-water warming 
are poorly understood because in situ observa- 
tions are spatially and temporally sporadic. 
Recently, a highly accurate ocean data assimila- 
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tion system has been constructed (8), based on a 
four-dimensional variational (4D-VAR) adjoint ap- 
proach (9, /0) [supporting online material (SOM)], 
which can define the mechanism causing an 
oceanic climate fluctuation by an adjoint sensi- 
tivity analysis method that moves the ocean rep- 
resentation backward in time (//, 12) (SOM). We 
used the “Earth Simulator’ supercomputer to per- 


form the major numerical simulations required for 
this analysis (SOM). 

The adjoint sensitivity analysis gives the tem- 
poral rate of change of a physical variable in a 
fixed time and space when model variables (e.g., 
water temperature, velocity, or surface air-sea fluxes) 
are arbitrarily changed in the 4D continuum of 
one temporal and three spatial coordinates. This 


1.8x107! 1.8x10 1.8x103 


Fig. 2. Bottom-water warming signal identified by an adjoint sensitivity analysis. Temporal rate of 
change of bottom-water temperature taking place at 47°N-170°E [5200-m depth marked by an asterisk 
(*) in (A)] in an allocated model time (defined as year zero) when water temperature changes by 1 K in 
an arbitrary grid point, and showing the pathway of the change in deep-water temperature that will 
cause the bottom-water warming after (A) 0, (B) 5, (C) 15, (D) 25, (E) 35, and (F) 45 years. The units 
are dimensionless. Orange and yellow arrows denote the Kelvin and equatorial Rossby wave propa- 
gations, respectively. Contours of the temporal rate of change of bottom-water temperature developing 
at the same location when the net surface air-sea heat flux is steadily changed are traced onto (F). 
These show the modeled impact of the change in surface air-sea heat flux required to cause the bottom- 
water warming after 40 years. The units are 1.0 x 10-4 K W? m?. 


is equivalent to specifying the “sensitivity” of a 
variable to small perturbations in the parameters 
governing the oceanic state (8, 73—/5). It has been 
applied to identify the possible causal dynamics, 
time scales, and pathways involved in the bottom- 
water warming. 

Figure 2 shows the values of the temporal 
rate of change of bottom-water temperature 
taking place at 47°N-170°E (5200-m depth) 
in an allocated model time (defined as year zero) 
when water temperature changes by | K in an 
arbitrary grid point over a specific time period 
(in this case, from 0 to —45 years in reverse 
chronological order). Positive values (indicative 
of warming in the lowest layer) gradually fill 
the North Pacific Ocean floor over a 15-year 
period (Fig. 2, B and C) and then penetrate 
into the South Pacific through the narrow 
passage located to the northwest of New 
Zealand (Fig. 2D). This warming trend can be 
traced back to the deep Southern Ocean across 
the Antarctic Circumpolar Circulation region 
(Fig. 2E) where it then ascends the continental 
shelf slope around Antarctica. At the end of a 
40-year period, the warm signature finally 
appears at the sea surface in a confined source 
region that lies off the Adélie Coast (Fig. 2F). The 
values of the temporal rate of the change, when the 
net surface air-sea heat flux is changed by 1 Wm * 
in an arbitrary surface grid point (rather than 
through a change in water temperature), con- 
sistently suggest that the cause of the bottom-water 
warming in the North Pacific is the increase in the 
net surface air-sea heat flux into this localized 
source region (Fig. 2F). (The integrated effect in 
this region covers 73% of that over the whole 
Pacific basin, when the values of the temporal 
rate of the change are effectively assessed with 
the variance of the heat flux at each surface 
grid point.) This result implies that a reduction 
in the volume of AABW due to an increase in 
the net surface air-sea heat flux in this Southern 
Ocean region initiates the North Pacific abyssal 
warming. 

Our simulation result reveals a subtle and 
prompt influence of the Southern Ocean source 
region on changes in deep-ocean temperature 
and thus ocean heat budgets. However, the 40- 
year time scale necessary for these thermal 
changes to manifest is much shorter than that 
required by the conventional mechanism, which 
relies on mass movement (/6). In the case of an 
abyssal current flowing northward at a speed of 
10 °>ms | (17), it would require more than 350 
years to cover a distance of 12,000 km. 

A more rapid teleconnection between the 
Southern Ocean surface heating and bottom- 
water warming in the North Pacific can never- 
theless be effected through oceanic internal 
waves. A thinning of abyssal layers caused by 
a reduction in AABW formation in a Southern 
Ocean source region leads to a depression of 
isopycnal surfaces in the deep ocean (/8). These 
isopycnal changes are transmitted as internal 
oceanic waves, which alter the pressure force 


16 JULY 2010 VOL 329 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on July 15, 2010 


Fig. 3. Bottom-water warm- 
ing in the synthesized data 
set. (A) Temporal evolution 
of water temperature from 
1984 to 2000 averaged with- 
in the North Pacific abyssal 
basin (155°-170°E, 40°- 
50°N, 4500- to 5200-m 
depth). The error bars show 
the accuracy afforded by 
the synthesized data set. 
The units are in kelvin. (B) 
Mean value (blue bar) and 
standard deviation (red) 
of each term of the tem- 
perature equation averaged 
over the same abyssal re- 
gion for the period 1984 to 
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Fig. 4. Evidence of climate change around Antarctica. Law Dome methanesulphonic acid (MSA) record 
(1900 to 1995; black curve) (23), sea surface temperature values (MCSST; for November months during 
1982 to 1995; red) (24), and estimated downward net surface heat flux anomaly values (SHFa; 1980 to 
2000; green) (22). The MCSST and SHFa values are averaged over a region off the Adélie Coast (120°E- 
170°E, 65°S-60°S). The MCSST and SHFa values are plotted with reversed vertical axis. A 3-year 
running mean has been applied to all the variables. The error bars for the SHFa show the accuracy 
afforded by the data set. The correlation coefficient value between the MSA and MCSST is 0.73 (P < 


0.01, n = 10), and that between the MSA and SHFa is 0.67 (P < 0.01, n = 13). 


locally and weaken the deep-water current 
through geostrophic adjustment (/9, 20). Bottom- 
water warming could be then achieved by a 
reduction in the deep-water current that transports 
the cool waters of the AABW (3). 

Internal topographic Kelvin waves are main- 
ly responsible for the rapid transmission of the 
changes in the Southern Ocean to the equator 
(orange arrows in Fig. 2, D and E). The Kelvin 
waves travel along the deep-ocean trench east of 
New Zealand in a direction for which the lateral 
boundary is always on the left (in the Southern 
Hemisphere; SOM). They propagate along the 
density interfaces of the deep ocean at internal- 
wave speeds (2/) of ~7.0 x 10° ms |, corre- 
sponding to 2208 km per year (SOM). The 
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signal travels in the opposite direction (with the 
lateral boundary on the right) in this sensitivity 
analysis because the calculation moves the ocean 
representation backward in time. 

Internal and topographic Rossby waves are 
also responsible for the transmission over the 
undulating bottom topography in the west-central 
region of the Northern Hemisphere (Fig. 2B). 
Internal equatorial Kelvin waves, whose (reversed) 
propagation is identified by the westward equato- 
rially trapped wave track in the deep layers 
(yellow arrows in Fig. 2C), drive the link between 
northern and southern hemispheres. 

We have examined the proposed mecha- 
nism by using a new synthesized ocean data set 
from 4D-VAR data assimilation (22) (SOM). In 


this synthesized data set, the bottom-water warm- 
ing is successfully reproduced as a positive tem- 
perature trend of ~0.003 K from 1985 to 1999 
(between the WOCE and WOCE rev observa- 
tional periods) in the North Pacific (Fig. 3A). 
The term balance of the temperature equation in 
this abyssal region from the synthesized field 
(SOM) shows that an overall balance between 
the horizontal advective and diffusive cooling, 
and the vertical diffusive heating, is present 
throughout the period (blue bars in Fig. 3B). The 
geothermal heating effect is implicitly incor- 
porated in the vertical diffusive heating. Local 
time change is a subtle positive value, represent- 
ing the bottom-water warming, as a residual of 
these major terms. The standard deviation of each 
term shows that the temporal change in the hor- 
izontal advection mainly causes the variations of 
the local time change (red bars), implying that 
the changes in the abyssal circulation due to the 
wave propagations (SOM) constrain the bottom- 
water warming. 

In addition, our results are also consistent 
with fragmental direct evidence reported in previ- 
ous observational work. Figure 4A shows the 
time series of change in methanesulphonic acid 
(MSA) concentrations within a Law Dome ice core 
(23) obtained from a location near the Adélie Coast 
(Fig. 1). This MSA record is highly correlated with 
local sea ice extent and hence should be closely 
connected with the net surface air-sea heat flux in 
this region. Indeed, the highly significant correla- 
tion between the MSA record and sea surface 
temperature derived from satellite missions (1981 
to 2001) (24) underlines this close relation (red 
curve). Actually, the time change in the net surface 
air-sea heat flux estimation from the synthesized 
data set (22) is well correlated with that in the MSA 
record in this region (green curve). Also, the cor- 
relative time change in the sea-level anomaly 
derived from high-precision multisatellite altimetry 
products possibly further supports the proposed 
link between the changes in the surface conditions 
and the supply of AABW (SOM). Again, this is 
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consistent with a recent reduction in bottom-water 
formation around Antarctica (25). 

In this context, our derivation of a 40-year 
response time implies that the bottom-water 
warming from 1985 to 1999 in the subarctic 
North Pacific is linked to the decrease in the 
MSA value from 1945 to 1959, which corre- 
sponds to an increase in the net surface air-sea 
heat flux off the Adélie Coast. Quantitative 
diagnosis, based on values of the temporal rate 
of change of bottom-water temperature when 
net surface air-sea heat flux is steadily changed 
(Fig. 2F), shows that an observed bottom-water 
warming from 0.003 to 0.01 K is equivalent to 
an increase in the net heat flux from 1.0 x 10! 
to 3.2 x 10 ' W m ” per year into the Southern 
Ocean off the Adélie Coast (SOM). This net 
heat flux enhancement is broadly consistent 
with the relevant decadal increase (3.8 x 10°! W 
m~” year ') from 1945 to 1959, as estimated 
from the ratio of the MSA values (black curve in 
Fig. 4) to the net surface heat flux (green curve). 

In summary, an increase in the heat input 
into the Southern Ocean off the Adélie Coast 
leads to bottom-water warming in the North 
Pacific on a relatively short time scale (within 
four decades). A reduction in bottom-water for- 
mation off the Adélie Coast due to enhanced 
heat input leads to a change in the configuration 
of the isopycnal surfaces through the action of 
oceanic internal waves and thus determines the 
pressure forcing over the whole abyssal region 
of the North Pacific. The consequent reduction 
in abyssal cooling by the deep-ocean current 
enables the substantial heating by the vertical 
diffusion inclusive of the geothermal effect to 


warm the bottom waters. The propagation speed 
of the internal waves determines the time scale 
of this teleconnection. The resulting increase in 
the integrated heat content can reach 1.2 x 10° 
J year ' below 4000-m depth in the Pacific basin. 

These results suggest that the present global- 
change paradigm involving a warming surface 
regime over an abyssal ocean which, through its 
very slow response time, can be assumed to be a 
relatively stable regulator of Earth’s climate, must 
be revisited. Our finding of an invasive and rapid 
teleconnection between polar surface air-sea heat 
flux change and distant bottom-water warming 
indicates that the multicentennial-to-millennial 
developmental time scales currently envisaged in 
the predicted oceanic response to climate warm- 
ing are probably too long. 
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Ocean Warming Slows Coral Growth 
in the Central Red Sea 


Neal E. Cantin,* Anne L. Cohen,* Kristopher B. Karnauskas, Ann M. Tarrant, Daniel C. McCorkle 


Sea surface temperature (SST) across much of the tropics has increased by 0.4° to 1°C since the 
mid-1970s. A parallel increase in the frequency and extent of coral bleaching and mortality has 
fueled concern that climate change poses a major threat to the survival of coral reef ecosystems 
worldwide. Here we show that steadily rising SSTs, not ocean acidification, are already driving 
dramatic changes in the growth of an important reef-building coral in the central Red Sea. 
Three-dimensional computed tomography analyses of the massive coral Diploastrea heliopora 
reveal that skeletal growth of apparently healthy colonies has declined by 30% since 1998. The 
same corals responded to a short-lived warm event in 1941/1942, but recovered within 3 years as 
the ocean cooled. Combining our data with climate model simulations by the Intergovernmental 
Panel on Climate Change, we predict that should the current warming trend continue, this coral 


could cease growing altogether by 2070. 


ermatypic corals contribute up to 75% of 
He calcium carbonate (CaCO3) budget 


of modern reefs through the process of 
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skeleton building (/). Today, rates of CaCO3 pro- 
duction by reef corals, thought to be enhanced by 
the photosynthetic activities of symbiotic algae 
(zooxanthellae) (2, 3), far exceed carbonate pro- 
duction rates in the absence of biological activity 
and ensure that rates of reef accretion exceed 
natural rates of bioerosion, dissolution, and off 


shore transport (4). For individual corals, rapid 
rates of skeletal growth are essential for successful 
recruitment, in order to reach a size refuge from 
mortality (5) and to maximize colony surface area 
for photosynthesis (6). 

Predictions based on experimental and field 
observations indicate that the combined effects 
of rising temperatures and ocean acidification 
could increase the frequency of bleaching events 
and reduce coral calcification by 80% of modern 
values when atmospheric CO, concentrations 
reach 560 parts per million around 2055 (7, 8, 9). 
At this point, if rates of CaCO; production by 
corals and other reef calcifiers cannot keep up 
with rates of erosion, the majority of coral reefs 
could switch from net accreting to net eroding 
structures. Elevated temperatures suppress the 
calcification rates of reef-building corals (/0) 
by affecting the relationship between the coral 
host and its algal symbionts (zooxanthellae). 
As temperatures rise above threshold summer- 
time values, the photosynthetic capacity of the 
symbiotic zooxanthellae declines (//), reducing 
the availability of algal-derived photosynthate 
that fuels light-enhanced calcification (/2). A 
prolonged increase of ~1°C or more above his- 
torical maximum sea surface temperatures (SSTs) 
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(73) can result in substantial loss of zooxanthel- 
lae or “bleaching,” cessation of calcification, 
and in some cases coral mortality. The model 
predictions in (8, 9) consider the temperature 
at which bleaching occurs as the “threshold” 
temperature at which coral calcification begins 
to decline. However, elevated temperatures can 
negatively affect calcification long before bleach- 
ing is evident. Indeed, laboratory-based culture 
studies and field observations have shown the 
optimum temperature for calcification by several 
tropical coral species to be several degrees below 
their ambient summertime SSTs (/4—/6). 

Mean annual SSTs across much of the global 
tropics and subtropics have increased between 
0.4° and 1°C in the past four decades (17). How- 
ever, in the central Red Sea, home to extensive 
reef growth and a high diversity of scleractinian 
corals, the extent of warming exceeds the ob- 
served mean tropical warming. For the past 
decade, summertime SSTs [July, August, and 
September (JAS)] in this region have remained 
on average 1.46°C above the historical mean 
[relative to 1950-1997 National Oceanic and 
Atmospheric Administration (NOAA) Extended 
Reconstructed Sea Surface Temperature (ERSST) 
v3b climatology]. Nevertheless, although local- 
ized bleaching to depths of 20 m was reported in 
1998 (18), large-scale bleaching and the mortality 
typically associated with persistent warm SST 
anomalies have not been observed, suggesting 
that Red Sea corals may be naturally adapted to 
extremes of temperature and salinity. The lack of 
empirical data documenting the effects of thermal 
stress on coral growth in this region limits our 
ability to predict how future increases in SST will 
shape the coral reef landscape of the central Red 
Sea over the next century. 

We used historical temperature records to 
quantify the temperature dependence of skeletal 
growth and calcification rates of the massive 
reef-building coral Diploastrea heliopora in the 
central Red Sea and to investigate the potential 
for subliminal (nonvisible) effects of recently 
rising SSTs. The coral colonies showed no out- 
ward signs of thermal stress, bleaching, or disease 
at the time of sampling. Skeletal cores were 


Fig. 1. Quantification 
of annual coral growth by 
3D CT scanning. (A) 3D CT 
scan reconstruction of the 
skeleton of D. heliopora 
from a small core. Virtual 
2D slices (B and ©), 2.5 
mm thick, are cut digitally 
along two planes. (B) Slice 
B is subparallel to the up- 
ward growth axis, and the 
annual growth bands are 
not visible. (C) Slice C, cut 
parallel to the upward 
growth axis, reveals an- 


removed from six colonies with a submersible 
hydraulic drill, and the holes were filled with pre- 
made cement plugs. In the lab, the intact cores 
were scanned with a Siemens Volume Zoom 
Spiral Computerized Tomography (CT) Scanner 
to reveal the annual growth bands (/9). In D. 
heliopora, as with other architecturally complex 
coral skeletons, annual growth bands can be 
difficult to visualize and quantify with conven- 
tional two-dimensional (2D) x-ray techniques. The 
3D imaging capabilities of the CT scanner allow 
us to digitally rotate the reconstructed core images 
to accurately identify the maximum vertical growth 
axis of the coral and to then slice the 3D image 
electronically to an optimal thickness, thus reveal- 
ing the high- and low-density couplets that con- 
stitute each annual growth band. 

By sampling colonies at different times of the 
year (20), we deduced that D. heliopora at this 
Red Sea site forms a narrow high-density skeletal 
band in the spring and that ~75% of skeletal 
extension occurs over the remainder of the year, 
as a wide low-density band (Fig. 1). We estab- 
lished the age of each coral by counting the 
number of high-density bands visible in the CT 
images and obtained a precise measure of their 
annual linear extension (upward growth) rates 
(SE + 0.5 mm) by measuring the distance be- 
tween successive high-density bands [see the 
supporting online material (SOM)]. Using the 
NOAA ERSST v3b (2/), we quantified the re- 
lationship between coral growth and SST over 
the collective time period represented by the 
cores [1930 to 2008; see (20) for the age of each 
individual core]. Coral growth and summertime 
(JAS) SSTs are significantly coherent (95%) at 
periods longer than 10 years (fig. S1). A second- 
order Butterworth low-pass filter with a cutoff 
frequency of 10 years was applied to the coral 
and SST data sets to remove high-frequency 
variability and reveal the temperature-dependent 
signal. Average JAS SSTs account for 68% of 
the variance in D. heliopora skeletal growth on 
decadal time scales (R* = 0.676, P < 0.001, ef- 
fective number of samples = 7; Fig. 2B). Skeletal 
growth correlates inversely with temperature, and 
growth rates are highest when JAS SSTs remain 


nual growth bands, including two anomalously high-density bands coincident with the 1998 and 2001 


high-temperature events. 
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below 30.25°C. When the average JAS SST ex- 
ceeds 30.5°C, D. heliopora growth declines rap- 
idly, by 0.12 mm (5%) for every 0.2°C increase 
in summer SST (Fig. 2C). 

Average summertime SSTs have exceeded 
30.5°C at our study site twice in the past 85 
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Fig. 2. Calibration of the coral growth depen- 
dence on SST. (A) Averaged annual growth of six 
corals + 1 SE (red line + gray shading) measured 
from CT scans compared with average annual 
summer SSTs (JAS, ERSST v3b, blue line), 1925— 
2008. SSTs exceeded 30.5°C twice in the past 83 
years (vertical blue shading). (B) 10-year filtered 
coral growth anomaly (red line) and ERSST anom- 
aly (ERSSTA, blue line) (coral growth and ERSST 
anomalies relative to the 1950-1997 mean for each 
time series) data show inverse correlation on multi- 
year time scales (7 = 0.68). (C) Model | regression 
of mean annual coral growth + 1 SE against aver- 
age summer SST (+1 SE for each SST bin) from six 
D. heliopora colonies (n = 318 total observations of 
unfiltered data). The red circles indicate the regression 
of average coral extension rate within each SST range 
indicated by the SE bars. The optimum temperature 
for D. heliopora skeletal growth, <30.5°C, was deter- 
mined as the point at which average annual skeletal 
growth deviates from the mean annual baseline 
extension rate [2.69 mm year“, model | regression, 
Fs,300 = 2.73 P< 0.05]. 
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years (Fig. 2A). In the early 1940s, SSTs re- 
mained +3°C above the historical mean for 
two successive summers (1941 and 1942). In 
both coral cores that span this time, average 
annual growth rates decreased by 44% over 
the corresponding period (Fig. 2A). In this case, 
however, the anomaly was short-lived; summer 
SSTs dropped below the historical average JAS 
SST in the following year, and coral growth 
rates quickly recovered. Conversely, the most 
recent warm SST anomaly is persistent. Since 
1998, JAS SSTs at our study site have remained 
at 0.9° to 2.2°C above historical mean values. A 
30% decline in mean linear extension [F' 7 = 
32.04, P < 0.001, 1 = 6 coral colonies] relative 
to pre-1997 extension rates is recorded over this 
time period. Using the CT scan images, we also 
calculated the change in average annual calcifi- 
cation rate—that is, CaCO3 production—by 
each coral associated with the drop in skeletal 
extension. Skeletal densities (in grams per cubic 
millimeter) were quantified from the CT images 
of each core by converting grayscale values to 
apparent absolute density using hydroxyapatite 
standards of known density [see the CT scan- 
ning methods (20)]. Average annual calcifica- 
tion by D. heliopora, defined as the product of 
annual linear extension and annual density (/4), 
declined by 0.05 g mm? year ! [F\,29 = 8.04, 
P=0.008) or 18% from 1998 to 2008 relative 
to the 1976-1997 mean. 

This decline in coral growth rates is probably 
a consequence of the impact of thermal stress on 
the coral host-symbiont relationship. The NOAA 
degree heating weeks (DHWs, see SOM) product 
provides a measure of the likelihood that thermal 
stress will induce coral bleaching [loss of symbi- 
otic zooxanthellae (22)]. Over a 12-week period, 
DHWs = =4°C weeks indicate that some coral 
bleaching is likely, and as DHWs reach >8°C 
weeks, widespread and severe bleaching and 
some coral mortality can be expected (23). 
Weekly SST data are available at our study site 
from 1982 through 2008 [from the Integrated 
Global Ocean Services System (IGOSS) nme 
Reyn SmithOlv2 data set (24)], allowing us to 
calculate the DHW index for this time period 
(Fig. 3). A significant increase in the duration as 
well as the intensity of heat stress over the past 
decade corresponds directly with the decline in 
skeletal growth and calcification measured in our 
coral cores (Fig. 3). Thus, although the coral 
colonies sampled for this study exhibited no 
obvious signs of thermal stress, such as bleaching 
or disease, the skeletal growth histories provide 
evidence for prolonged thermal stress that has 
inhibited the recovery of D. heliopora skeletal 
growth since 1998. Indeed, rates of skeletal 
growth and calcium carbonate production are 
lower now than they have been since at least 1940. 

The aragonite saturation state values [Qyaragy] 
of seawater at the coral sampling sites are rela- 
tively high in both summer (4.08) and winter 
(3.94) (SOM). Calculations using the few availa- 
ble historical data suggest that Q(ragy Values in the 
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Red Sea have risen over the past 30 years; ap- 
parently, the effect of rising SST [which tends to 
increase Qa:a9)] has more than offset the effect of 
rising atmospheric CO, [which tends to lower 
Qaragy]. We therefore think it is unlikely that 
ocean acidification has caused or contributed to 
the observed drop in Red Sea D. heliopora 
calcification over the past decade. Instead, the 
timing and intensity of the decline in skeletal 
growth are most consistent with the impact of 
thermal stress on physiological processes involved 
in calcification. 

The skeletal growth response to historical 
SST variability shows that these corals can recover 
from major warming anomalies if the episodes 
are short-lived. What, then, is the likelihood that 
summer temperatures in the Red Sea will return 
to pre-1998 values fostering coral recovery? 
Using the output from a suite of 17 global, fully 
coupled climate model simulations from the Fourth 
Assessment Report of the Intergovernmental 
Panel on Climate Change (IPCC AR4), we ex- 
amined projections of future trends in summer 


Fig. 3. Impact of accumulated thermal 
stress on coral growth. Annual growth rates 
of D. heliopora (red circles, mean + 1 SE) 
versus the annual DHWs product (blue 
bars) for this site. In general, moderate 
coral bleaching is expected above 4 DHWs 
and severe bleaching and mortality above 
8 DHWs. The corals in this study were not 
visibly bleached at the time of sampling. 
However, their skeletal growth record 
reveals the significant impact of chronic 
thermal stress over the past decade. 
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Fig. 4. Predicted rise in summertime SST in 
the central Red Sea: 1980-2100. (A) JAS 
SST trajectory (0°C is the average 2000— 
2008 JAS SST) averaged over 17 IPCC AR4 
climate models for two midrange emissions 
scenarios (A1B and A2, + 1 SE, dotted black 
lines). Dashed red lines depict the SST 
threshold for zero coral growth for D. 
heliopora [1.85°C above average 2000— 
2008 JAS SST, upper 95% confidence limit], 
using the SST—coral growth relationship 
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SSTs in the Saudi Red Sea (20° to 24°N) under 
the IPCC AR4 A1B and A2 CO, emissions sce- 
narios. The multimodel mean results (Fig. 4) 
indicate that summer SSTs in the central Red Sea 
will continue to rise as atmospheric CO, concen- 
tration rises through the 21st century, reaching a 
high of 2.5° to 3°C relative to the 2000-2008 
mean by 2099. Extrapolating our empirically de- 
rived coral growth-SST relationship, we expect 
that D. heliopora will cease calcifying altogether 
by 2070, when summer SSTs will exceed current 
summer values by 1.85°C (Fig. 4B). This is prob- 
ably a conservative estimate, given that the corals 
studied were not visibly bleached at the time of 
sampling. As temperatures continue to rise, events 
that cause significant loss of zooxanthellae and 
depletion of energetic reserves will become more 
frequent, and coral mortality from the effects of 
bleaching may occur long before calcification 
rates approach zero. 

Recent work suggests that photoprotective 
mechanisms of both the coral host and sym- 
bionts (25), as well as shuffling of the dominant 
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symbiont assemblage to more thermally tolerant 
zooxanthellae genotypes (26-28), could increase 
the tolerance of reef-building corals to future ocean 
warming. However, existing data suggest that 
symbiont shuffling to thermally tolerant geno- 
types would increase thermal tolerance by 1° to 
1.5°C, which is insufficient to cope with the 
magnitude of SST change predicted for the Red 
Sea and much of the tropical oceans over this 
century (29). Indeed, our data do not suggest that 
D. heliopora has acquired enhanced resistance, 
despite a decade of exposure to persistent thermal 
stress. Continued efforts to quantify the thermal 
tolerances of other coral species and important 
reef calcifiers will improve our predictions of 
how climate change will affect coral reefs of the 
central Red Sea. However, the data in hand sug- 
gest that without immediate, aggressive global 
intervention to reduce carbon emissions below 
IPCC A1B and A2 scenarios, the pressures of 
predicted annual heat stress will most certainly 
result in further deterioration of coral health in the 
central Red Sea over this century. 
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Shared Social Responsibility: A Field 
Experiment in Pay-What-You-Want 
Pricing and Charitable Giving 


Ayelet Gneezy,?* Uri Gneezy, Leif D. Nelson,” Amber Brown?’ 


A field experiment (NV = 113,047 participants) manipulated two factors in the sale of souvenir 
photos. First, some customers saw a traditional fixed price, whereas others could pay what they 
wanted (including $0). Second, approximately half of the customers saw a variation in which half of 
the revenue went to charity. At a standard fixed price, the charitable component only slightly 
increased demand, as similar studies have also found. However, when participants could pay what 
they wanted, the same charitable component created a treatment that was substantially more 
profitable. Switching from corporate social responsibility to what we term shared social 
responsibility works in part because customized contributions allow customers to directly express 
social welfare concerns through the purchasing of material goods. 


Milton Friedman stated that “the social re- 
sponsibility of business is to increase its prof- 
its” (/). According to this view, private companies 
should focus on the provision of profits for share- 
holders, leaving the provision of public goods to 


I a provocative article some 40 years ago, 
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others. The boldness of the prescription provoked 
a countermovement in favor of broad social con- 
sciousness from private companies to prioritize 
corporate social responsibility (CSR). 

Today CSR is practiced by many firms world- 
wide, yet often CSR-related costs are higher than 
their commercial benefits (2). Two major factors 
may contribute to this limited success. First, cus- 
tomers might assume that CSR practitioners 
have ulterior motives (3). Consider a company 
choosing between high- and low-cost manufac- 
turing options (e.g., using recycled or natural 
resource—intensive materials). The “good,” CSR- 


consistent, option is profitable only if it gener- 
ates enough customer interest to offset increased 
costs. However, if consumers are suspicious of 
the firm’s intentions, the goodwill behind CSR 
may appear to be just another consumer manip- 
ulation (4). 

Second, CSR purchases send a weak signal 
to oneself and to others regarding the buyer’s 
“social intentions.” People identify with the so- 
cial causes they support, but purchasing from 
a CSR-oriented company leaves that cause too 
remote from their core identity. Buying a pair 
of shoes from an ecologically friendly company 
sends a signal (to self and to others) that the 
customer cares about the environment, but it 
also sends a signal that the customer simply likes 
the shoes. What part of the purchase reflects 
style consciousness, and what part reflects social 
consciousness? 

We propose a new CSR strategy, which we 
term shared social responsibility (SSR). To im- 
prove programs based on social preferences, 
companies need to specifically engage the social 
preferences of their consumers. If social respon- 
sibility is to provide any benefit to a company, 
its customers, and the community, it should go 
beyond the priorities of the firm and instead 
express the priorities that the firm shares with its 
customers. 

For our investigation we used a recently 
emerged pricing strategy hinging on the social 
preferences of customers, referred to as “pay 
what you want” (PWYW). In this strategy, in 
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lieu of a fixed price, a firm offers a good or 
service for whatever price customers want to 
pay (typically including $0). If people only 
cared about money, they would pay the lowest 
price possible, yet in practice people frequent- 
ly pay more (5—7). 

We created a SSR situation through the com- 
bination of PWYW pricing and CSR. When 
paired with corporate giving, PWYW may help 
the firm mitigate the aforementioned problems; 
because the firm explicitly exposes itself to fi- 
nancial risk, a customer is unlikely to infer sinister 
ulterior motives. Thus, we used a pricing strategy 
that reduces customers’ concerns about ulterior 
motives while also enhancing their identification 
with the cause, as every dollar spent directly re- 
flects this self-identification. The design does not 
test the individual contributions of these two 
possible shortcomings of CSR, but by reducing 
both, SSR offers a plausible alternative to tradi- 
tional CSR efforts. 

Taken from a different perspective, SSR 
should also benefit the effectiveness of PWYW. 
It is theorized that the effectiveness of PWYW 
hinges on how much a consumer wants the good 
or service, as well as on how much he or she 


Fig. 1. Profit per rider (amount paid minus = ®* 
production costs). Photo sales were most 
profitable for the firm and made the largest 
contribution to charity when participants 
could pay what they wanted and half of 
their payment went to charity—the shared 
social responsibility treatment. 


$0.20 


$0.15 


$0.10 


$0.05 


$0.00 


wants to help the company. Under the proposed 
SSR method, each purchase directly represents 
the customer’s desire to support both the company 
and the charitable partner. 

We conducted a field study at a large amuse- 
ment park (8). Participants (V = 113,047) rode a 
roller coaster—like attraction, were photographed 
during the ride, and later chose whether to 
purchase a print of the photo. 

We used a 2 2 between-participants design. 
The first dimension was the price of the picture 
(either a regular $12.95 price or PWYW). The 
second dimension was Charity (either no chari- 
table contribution or half of the revenue going to 
charity). The charitable partner was a nationally 
recognized patient-support foundation. Each of 
the four treatments was conducted over two full 
days. 

The results of the two fixed $12.95 price 
conditions reveal low and similar purchase rates 
(0.50% without charity, 0.59% with). PWYW 
substantially increased purchase rates to 4.49% 
in the PWYW + Charity treatment and to 8.39% 
in the simple PWYW treatment. In the PWYW 
treatments, buyers paid significantly more per 
photo when half of the revenues went to charity 


Nothing to Charity = 50% to Charity 


-$0.05 4 


$12.95 Pay-What-You-Want 


Table 1. Treatment effects on photo revenue and merchandise revenue. Merchandise refers to 
items such as souvenir keychains whose prices were not directly manipulated in the experiment. 
There were essentially no differences in merchandise sales over the same days. If anything, people 
spent slightly more on merchandise in the PWYW + Charity condition. We can likely rule out 
concerns that increased photo revenue was cannibalizing from other sources. 


Photo Merchandise ‘ mereandise 
Treatment Riders revenue per 
revenue revenue 

rider 
$12.95 $1823 $11,280.98 28,224 $0.40 
$12.95 + Charity $2331 $12,322.72 30,592 $0.40 
PWYW $2175.80 $11,833.90 28,263 $0.42 
PWYW + Charity $6224.22 $11,694.03 25,968 $0.45 


(M = $5.33 per photo) than with no charity [M= 
$0.92; (3535) = 43.24, P < 0.001 (9)]. Figure 
1 presents the resulting profits. 

Despite the observation in the literature that 
CSR is not profitable, many companies (includ- 
ing the one in question) contribute substantially 
to charity independent of specific product pro- 
motions. Accordingly, we identify all post-cost 
revenue as profit. By this account, both Charity 
treatments are the most profitable, and a ¢ test 
confirms that SSR is substantially more profit- 
able than traditional CSR (Mg12.95+charity = 
$0.071 per rider versus Mpwyw+charity = $0.198 
per rider; P < 0.001) (9). 

With more than 5 million riders per year, there 
is a potential annual increase of more than 
$600,000 in profits. Does increased photo pur- 
chasing crowd out spending elsewhere in the 
amusement park (e.g., for popcorn or gifts)? 
Clearly, if SSR merely cannibalizes another 
element of the business, we should be more cir- 
cumspect in our inferences. Although we cannot 
speak to every possible case of crowding out, our 
data suggest that this is not the case. Immediately 
after leaving the photo area, customers passed 
through a merchandise area (containing T-shirts, 
keychains, etc.). Total sales data from those days 
(Table 1) suggest that increased photo revenue 
does not lead to decreased merchandise revenue 
in the immediate store, but future research is 
needed to thoroughly investigate the incidence of 
product cannibalization. 

SSR increased profit, perhaps because it 
minimized suspicion of the firm’s intentions and 
maximized the identity expressiveness in the 
purchase. This contention is further supported by 
an intriguing piece of evidence in the purchase 
rates of PWYW and PWYW + Charity custom- 
ers: The addition of the charitable promotion 
actually suppressed purchasing [x” = 336.17, P= 
0.001 (9)]. This is consistent with our explanation 
that with fixed prices, customers buy only when 
the benefits outweigh the costs. In the PWYW + 
Charity condition, the cost of sending a bad signal 
looms large, so customers with a low value for the 
picture will prefer not to buy it over buying it 
either for a low price (bad signal) or for a high 
price (not worth it). 

Historically, company ethics are seen as 
competing with company economics (/0-/4), 
but our study suggests a method in which the 
pursuit of social good does not undermine the 
pursuit of profit. Under SSR, the consumer chooses 
a price, thereby actively determining his or her 
contribution to the cause. Apparently, a compa- 
ny can best serve its community and its share- 
holders by sharing its social responsibility with 
its customers. 
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The Structure of cbb, Cytochrome 
Oxidase Provides Insights into 


Proton Pumping 


Sabine Buschmann, Eberhard Warkentin, Hao Xie, Julian D. Langer, 
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The heme-copper oxidases (HCOs) accomplish the key event of aerobic respiration; they couple O2 
reduction and transmembrane proton pumping. To gain new insights into the still enigmatic 
process, we structurally characterized a C-family HCO—essential for the pathogenicity of many 
bacteria—that differs from the two other HCO families, A and B, that have been structurally 
analyzed. The x-ray structure of the C-family cbb3 oxidase from Pseudomonas stutzeri at 3.2 angstrom 
resolution shows an electron supply system different from families A and B. Like family-B HCOs, 

C HCOs have only one pathway, which conducts protons via an alternative tyrosine-histidine 
cross-link. Structural differences around hemes b and b3 suggest a different redox-driven 
proton-pumping mechanism and provide clues to explain the higher activity of family-C HCOs at 


low oxygen concentrations. 


chemical ion gradients across biological 

membranes and used for solute transport 
and for synthetic processes like adenosine tri- 
phosphate (ATP) synthesis. Electrochemical gra- 
dients are mainly generated by vectorial membrane 
reactions—for example, electron transfer from one 
side of the membrane and proton uptake from the 
opposite side—and/or by pumping ions, normally 
protons, across the membrane using the energy of 
light or of chemical processes such as ATP hy- 
drolysis or redox reactions. How proton pumps 
function on an atomic scale has been a central 
theme of bioenergetics for three decades. 

Heme- and copper-containing terminal oxi- 
dases (HCOs) function as cytochrome c oxidases 
or as quinol oxidases in aerobic respiration but 
also play a role in oxygen scavenging and in 
maintaining redox homeostasis by coupling the 
exothermic four-electron reduction of O. to HxO 
with proton pumping (/, 2). Experiments on 
these integral membrane protein complexes are, 
however, severely hampered by a complex re- 
action cycle involving eight protons (four pumped 
plus four consumed), four electrons, and O2, and 
the fact that both pumped and consumed protons 
contribute to the formation of the electrochemical 


iE all organisms, energy is stored in electro- 
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gradient. Therefore, processes such as the coordi- 
nation of electron transfer and proton pumping 
without wasting energy, the kinetic barriers that 
ensure unidirectional productive proton transfer, 
and the nature of the gates that separate protons 
that are consumed in water formation from those 
that are pumped are far from understood (/, 3). 
HCOs are diverse in terms of subunit com- 
position, electron donor, and heme type, resulting 
in different electron and proton transfer character- 
istics. However, they share a central subunit built 
up of 12 membrane-spanning helices (0.1 to 012) 
that contains a low-spin heme (a or b) and a high- 
spin heme (a3, 03, or b3}-copper (Cug) binuclear 
center to which O, is bound and reduced during 
the catalytic cycle. Based on overall amino acid 
similarities of the central subunit and specific dif- 
ferences of the proton channels, the HCO super- 
family is subdivided into three major families: A, 
B, and C (4). The A HCOs, which comprise the 
mitochondrial and many bacterial cytochrome c 
oxidases, and the B HCOs require, in addition to 
the central subunit, at least one other subunit (I), 
which usually contains a binuclear Cu, center to 
channel electrons toward the buried O, binding 
site. Whereas family-A HCOs use at least two 
proton pathways (5), B HCOs appear to use only 
one (6). The prototypes of family C, comprising 
~20% of HCOs (7), are the cbb3 oxidases. These 
are characterized by reduced proton pumping 
(8) and by a higher catalytic activity at low oxy- 
gen concentrations [the Michaelis constant (K)y) 


for O2 of ~7 nM is lower by a factor of 6 to 8 than 
that determined for family-A HCOs (9)]. This 
property is exploited in nature (/0) by many path- 
ogenic proteobacteria that colonize microaero- 
bic host tissues and by agronomically important 
symbiotic diazotrophs that can simultaneously 
perform aerobic respiration and nitrogen fixa- 
tion, which involves an oxygen-sensitive nitro- 
genase. Interestingly, cbb3 oxidases also reduce 
NO to N3O (//). Family-C HCOs contain the cen- 
tral subunit (N) and either one (O) or two (O + P) 
additional subunits that are completely different 
from family A and B subunits. Subunits O and P 
contain one- and two-heme C molecules, respec- 
tively, and are predicted to possess cytochrome c 
folds (7, 12, 13). Because some family-C HCOs, 
similar to the evolutionary closely related NO 
reductases, are composed of only subunits N and 
O, these are defined as the core complex (/4). 
Family-C HCOs optionally associate a fourth sub- 
unit (Q) that is involved in stabilizing the inter- 
actions of subunit P with the core complex at least 
in Rhodobacter capsulatus (15). 

We crystallized the cbb3 oxidase from the 
bacterium Pseudomonas stutzeri strain ZoBell 
using pentaerythritol ethoxylate as precipitant 
and a dodecyl-o-p-maltoside/decanoylsucrose/ 
undecyl-c-p-maltoside detergent mixture. Its struc- 
ture was determined by applying the favorable 
anomalous properties of iron for phase determi- 
nation [see supporting online material (SOM)]. 
We independently determined the sequences used 
for model building because published sequences 
(12) were not compatible with the results of our 
mass spectrometric analysis (see SOM and fig. 
S1). The reliability factors R and Rgee of the 
refined structure were 18.3% and 22.4% in the 
resolution range 10 to 3.2 A. Chb3 oxidase has a 
size of about 45 by 65 by 100 A, with subunit N 
localized in the membrane and subunits O and P 
predominantly in the periplasm (Fig. 1). Despite 
the low sequence identity [pairwise below 20%, 
overall 4% (fig. S1)], subunit N has the expected 
architecture of the central subunit (/6, /7) in- 
dicated by low root mean square deviations [2.5 
to 3.0 A (fig. S1)] between subunit N and the 
other structurally known HCOs [A-family Para- 
coccus denitrificans (5, 18, 19), Rhodobacter 
sphaeroides (20, 21), bovine heart (22) cyto- 
chrome oxidases, and Escherichia coli quinol 
oxidase (23), as well as the B-family Thermus 
thermophilus cytochrome oxidase (24)]. The anal- 
ysis of the interactions between the protein and 
the high-spin heme 53, and low-spin heme b in 
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cbb3 oxidase revealed both common and mark- 
edly varying features between the HCO families 
(Fig. 2). Heme 53 is in a more bent conformation 
than in other HCOs, perhaps induced by the ab- 
sence of the hydroxyethylfarnesyl substituent of 
pyrrole B in heme b. The iron of heme b; is li- 
gated at its distal side by a small ligand (fig. S2) 
unidentifiable at the current resolution and at its 
proximal site by the invariant His**°. As already 
inferred from mutational and EPR data (25) 
His** is hydrogen-bonded to Glu** (only in 
cbb; oxidases), which is further hydrogen-bonded 
to Trp*"' and Trp*”° (Fig. 2A). The noncovalent 
fixation of the heme 5; propionates (Fig. 2B) is 
achieved by coordinating its ring D carboxylate 
toa Ca’" ion [based on inductively coupled plasma 
mass spectrometric (ICP-MS) data], which is fur- 
ther ligated to Glu'”*-OE2, Ser'”-OG of subunit 
O and the pyrrole D propionate of heme b (Fig. 
2B). As in other HCOs, Cug is tetrahedrally li- 
gated to three histidines and to the unknown heme 
b; iron ligand (Fig. 2A and fig. S2). The covalent 
linkage between His”’’-Tyr**! in chb; oxidase pre- 
viously identified by mass-spectrometric methods 
(26, 27) is well compatible with our structural data 
(Fig. 2A). In contrast to the other HCOs, however, 
the catalytically important tyrosine side chain 
protrudes from helix a7 and not from helix o8 
toward the active site. Heme b exhibits a nearly 
flat macrocyclic ring structure, as in other HCOs, 
but is turned toward heme 53, thereby creating 
van der Waals contacts between the heme b CMA 
and the heme b; CMD methyl groups, as well as 
between the two propionate ligands of the Ca?* 
complex (Fig. 2B). 

Subunit O is composed of one N-terminal trans- 
membrane helix and a soluble cytochrome c domain 
carrying one heme C molecule. Segment 64 to 
118, referred to as loop O (Fig. 2B), which con- 
nects the first two conserved a helices, binds to 
hemes 63, 6, and C and interacts with the loops 
a3-a4, 5-06, «7-08, 09-010, and all-ol2 of 
subunit N, as well as with several residues of 
subunit P. The considerable sequence identities 
between the core complex of cbb3 oxidase and 
the NO reductases imply that the present struc- 
ture also serves as a reasonable model for this key 
denitrification enzyme (28). Subunit P consists of 
two N-terminal transmembrane helices, a long 
helical linker of nearly 40 A, and a soluble glob- 
ular unit built up by two cytochrome domains 
with one heme C bound to each. The two cyto- 
chrome c domains are not folded consecutively 
because their third canonical o helices are subjected 
to an interdomain helix swapping. 

The electron supply apparatus of cbb3 oxi- 
dases completely differs from that of the other 
HCOs, which presumably influences electron trans- 
fer rates and, concomitantly, catalysis and proton 
pumping. Based on the crystal structure, the elec- 
tron transfer pathway is confidently traceable (Fig. 
1B) using the known distance criteria between 
electron carriers (29). First, the external electron 
donor—a periplasmic cytochrome c in the case 
of cbb3 oxidase of P. stutzeri—transfers an elec- 


tron to the outer heme C molecule of subunit P, 
whose pyrroles C and D are largely solvent- 
exposed. Next, the electron flows from the outer 
to the inner heme C of subunit P and from there 
to the heme C of subunit O (Fig. 1B). Subse- 
quently, the electron is shuttled from the subunit 
O heme C to heme 3, the edge-to-edge distance 
being clearly shorter than between Cu, and heme 
a(b) in A(B)-family HCOs. Electron transfer 
continues from heme b to heme 53, which, in 
contrast to the other HCO families, are in van der 


Waals contact with each other as described above 
(Fig. 2A). From heme 53, the electron can rapidly 
equilibrate with Cug. After a second electron 
transfer to the binuclear site, O> will be bound to 
the heme b; iron, reduced and cleaved by receiving 
electrons from the heme 53 iron, Cug, and the 
putatively redox-active cross-linked Tyr*!, as in 
family-A HCOs (/). The shorter edge-to-edge 
distances between the subunit O heme C and heme 
5 and between the hemes b and 5; imply an in- 
creased electron transfer rate between them and 
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Fig. 1. Structure and heme group arrangement of the cbb3 oxidase from Pseudomonas stutzeri. (A) 
Structure (ribbon model). The multisubunit complex consists of subunits N (green), O (red), and P (blue). 
An additional transmembrane o helix (gray) could be detected but not assigned to subunit Q, neither by 
side-chain recognition nor by mass spectrometric analysis of dissolved crystals. The hemes are shown as 
sticks; iron and copper as spheres. Only one of the cytochrome c domains of subunit P, referred to as inner 
domain, forms an interface with the core complex; the outer cytochrome c domain projects into the bulk 
solvent. (B) Electron transfer pathway. For a complete oxygen reduction, four electrons have to be 
successively shuttled along a 70 A long electron transfer route that involves all five heme molecules 
according to distance criteria (29) and observed ultraviolet/visible spectral changes during O2 reduction 
(34). The irons of heme b3 and b are coordinated by the invariant residues His*“°, His°°, and His**”. The 
heme C iron of subunit O is axially ligated to His®? and to Met??”, the heme C irons of subunit P to His?” 
and Met’? and to His*?’ and Met*®°, respectively, which partly deviates from results based on 
spectroscopic data (72) due to the not-predictable helix-swapping event. 
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Fig. 2. Hemes b3+b and 0 binding site. (A) The O02 binding site at the distal side of heme bs is fairly 
conserved in HCOs, including the hydrogen bond between His?’ and Ser?”° (some HCOs alternatively 
contain a threonine at this position), the characteristic Trp*°° side chain (also proposed as an alternative 
electron donor for oxygen reduction) flanking the His”°® imidazole ring, and the covalent bond between 
Tyr?>? and His?°”. In contrast to other HCOs, the high-spin heme b; in cbb; oxidase is activated from the 
proximal heme side by the His*“°-Glu?*?-Trp*”° (Trp*“*) triad. (B) Protein-hemes b3 and b propionate 
interactions. The periplasmic membrane side of cbb3 oxidase is characterized by an extended interface 
between subunits N and O that is not present in other HCOs. The most prominent feature is the linkage of 
heme b; and heme b with the contact loops N and O by a putative Ca?* ion. Other notable interactions 
include hydrogen bonds between the pyrrole A propionate of heme b; and His’ in a bidentate manner 
and between the A and D propionate carboxylate groups of heme b and the guanidinium group of Arg?’. 
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perhaps a faster trapping and reduction of O 
(30). In addition, the conformation of the heme 
rings and propionates, the position of the cross- 
linked tyrosine phenol group, and the environ- 
ment of the histidine ligated to the heme 5; iron 
might contribute to the lower Ky, value for O2 of 
cbb3 oxidases. 

Pathways are required for O2 and protons to 
reach the buried catalytic site, for water release, 
and for proton transfer across the membrane. We 
find two functionally relevant and voluminous 
cavities (Fig. 3A). A periplasmic cavity is sand- 
wiched between loop O and the loop connecting 
helices o3 and 04, called loop N. It extends more 
than 15 A from the Cug ligand His*** to Thr''® at 
a postulated exit to the periplasm. This cavity is 
absent in the other structurally known HCOs and 
provides an attractive exit path for water and 
protons between the catalytic site and the peri- 
plasmic bulk solvent (Fig. 3A). The second void 
referred to as the membrane cavity is found below 
loop N. It is located in a position equivalent to the 
end of the D proton pathway in A-family HCOs 
(5). There is a similar cavity in B-family HCOs 
(24) (Fig. 3A) and in the A-family R. sphaeroides 
HCO. It is connected by narrow and rather hy- 
drophobic channels to the membrane and the 
catalytic site, thus offering an access path for Op. 
This cavity might additionally be linked to the 
periplasm (Fig. 3A) by a channel along the side 
chains of Glu?! Glu!®!, Ser!®?, and Glu'?’. An 
extra electron density and the geometry of main 
and side-chain oxygens of Ala!*4, Leu!®, Asn!”?, 
and Asp'*!, however, suggests the binding of a 
metal ion (a second Ca** ion would agree with 


A interface cavity between B 

subunits O and P 

periplasmic 

cavity 
heme b. 
loop N 2 
membrane 
cavity 


our ICP-MS analysis) into the channel, which 
could prevent solvent and proton exchange. 

The cavities only provide pathways for Oo, 
H,0, and protons between the active site and the 
periplasm and the membrane. Proton permeabil- 
ity routes between the cytoplasm and the active 
site (or the membrane cavity) are built up by 
protonable amino acids and water molecules. 
Although they cannot be definitively assessed on 
the basis of a static structure, the structural data 
support the existence of one pathway from the 
cytoplasm to the active site that is positioned 
equivalently to the K pathway in family-A HCOs 
(5) (Fig. 3B) but not of further pathways. A puta- 
tive D-pathway analog connecting the cytoplasm 
and the membrane cavity would contain serious 
barriers (fig. S3). The observed K pathway extends 
by way of Ser“°-OG, Tyr*-OH, His™*-NE2, 
Tyr’!’-OH, and Thr7!°-OGI1 to the cross-linked 
Tyr>!-OH that is ~4 A away from the O, binding 
site (Fig. 3B) and substantiates some predictions 
of recent modeling and mutagenesis studies on 
cbb; oxidases (16, 17, 31). The polar side chains 
are either directly hydrogen-bonded to each other 
or bridged by (modeled) water molecules that are 
not experimentally detectable at the current struc- 
tural resolution. An uninterrupted chain of hy- 
drogen donors/acceptors requires that the His” 
imidazole side chain rotates in order to transfer a 
proton from Tyr’°-OH to a postulated water mol- 
ecule linked to Tyr’'’-OH (Fig. 3B). The impor- 
tance of His” has been experimentally shown 
for Rhodobacter capsulatus cbb3 oxidase (32). 
However, in contrast to other residues of the chain, 
His?*? is not conserved in the chb; oxidases, but 


Oo His243 
Tyr223 Ser240 
Adee! 


° Glu8 
(subunit O) 


Glu49 (subunit P) 


Fig. 3. Cavities and proton pathways. (A) Cavities. The periplasmic cavity (wheat) is lined by several 
residues like Glu, Tyr?2, Glu22°, Pro®”, and Arg>® conserved in C-family HCOs. The border of the water- 
filled cavity does not offer an attractive exit for water; however, a gap between Gly*?® and Thr*?® of 
subunit N and Ile®* and Arg® of subunit O might be just sufficiently wide. The membrane cavity (gold) lies 
below loop N and is connected to the catalytic site by channel c-cs and to the membrane by channels c-m1 
and c-m2. (B) Architecture of the K pathway. The sole clearly detectable proton pathway extends from 
Glu*? of subunit P (which is reminiscent of a glutamate from subunit II at the entrance of family-A HCOs) 
to Tyr?> over a distance of 25 A. Water molecules were modeled if sufficient space was available and at 
least one polar contact to the polypeptide existed. The mutations Tyr*?Phe, Tyr?*’Phe, Thr**°Val, 
Asn7°*Asp, and His*“*Val in R. sphaeroides, R. capsulatus, or Vibrio cholerae significantly reduced the 
catalytic activity (16, 31, 32), corroborating its participation in proton transfer. A Ser““°Ala mutation had 
no effect. Asn2®? is hydrogen-bonded to Ser?”° but is not considered to be a component of the K pathway. 
The positions of the nitrogen atoms after the postulated rotation of the His~"? imidazole ring are marked 
with an N. The carbon atoms of residues Thr>2*, Ser?“°, Glu?2?, and His*“° are shown in gray. 
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when absent it is replaced by smaller residues 
like alanine or serine that provide space for a 
water molecule. None of the residues lining this 
K pathway is present in family-A HCOs. In con- 
trast, Tyr°?? is conserved and Tyr*!” has a struc- 
tural equivalent in family-B HCOs. 

Despite the described differences, the known 
HCO structures reveal a relatively conserved O 
binding mode, suggesting a similar catalytic mech- 
anism for O» reduction. In contrast, the structural 
basis for the electron and proton transfer processes 
differs substantially between family A+B and 
family-C HCO members. Global differences exist 
at the periplasmic membrane side adjacent to the 
interface of subunits N and O where the electron 
and proton routes and the O, reduction site coin- 
cide (Fig. 3A) and where the coupling between the 
redox reaction and the selective transfer of con- 
sumed and pumped protons to different proton 
acceptors occurs (/, 3). Three structural features in 
the interface region most likely play a crucial role 
in defining the proton pumping in family-C HCOs. 
First, the K pathway below heme 5; is slightly 
enlarged because of the different origin of the 
histidine-cross-linked tyrosine and the absence of 
the hydroxyethylfammesy] substituent, which alters 
proton access to the O, binding site. The small 
void generated is lined by Thr’, Tyr**’, Ser*®, 
Tyr*!’, and Thr”! and presumably occupied by a 
few water molecules. Assuming only one proton 
pathway present in cbb; oxidase, conformational 
and/or pK, (negative logarithm of the acid dis- 
sociation constant) shifts during catalysis might 
allow proton transfer toward the periplasmic side 
of the heme groups along the O, binding site or 
alternatively via Thr”!, Ser”°, and Glu*”? to the 
periplasm (Fig. 3B). Second, a Ca** complex 
clamps together hemes b and b; with loops N and 
O. The presence of the Ca?” ion makes it less 
likely that the heme 5; propionate A and the heme 
b propionate D are involved in proton transfer. 
Third, loop N, which in families A and B is found 
in a conformation markedly different from family 
C, is strictly conserved in C-family HCOs (Fig. 
3A). It protrudes from the periphery of the 
transmembrane region to the interior and is also 
involved in heme b binding via Tyr’. The Ca?” 
complex and loops N and O also participate in 
forming and separating the periplasmic and 
membrane cavities that are connected to the 
catalytic site and likely have essential functions 
as HO, proton, and O, pathways. In addition, the 
cavities might be used as proton pathways from 
the periplasm to the catalytic site required for NO 
reduction in cbb3 oxidases, and most likely also 
in NO reductases (33), because crucial residues 
in this region such as Glu’? and Glu’ are 
conserved in both enzymes (Fig. 3A). 

Despite the development of distinct structural 
solutions in the three HCO families to cope with 
complex mechanistic challenges, the underlying 
basic principles might be universal. Thus, chb3 
oxidases also must install a gating event, as pro- 
ton pumping found for O, but not for NO re- 
duction implies that oxygen intermediates must 
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abstract protons faster from the cytoplasmic than 
from the periplasmic side. The rate of proton 
abstraction must be reversed for NO intermedi- 
ates, perhaps because a high pK, value prohibits 
protonation from a donor loaded from the cyto- 
plasm (33, 34). How these intricate processes are 
spatially and temporally coordinated on an atomic 
scale remains open. The structure will, however, 
facilitate focused site-directed mutagenesis and 
functional experiments that will contribute to a 
better understanding of the fundamental HCO re- 
action and of redox-driven proton translocation 
processes in general. 
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Asymmetric Density Dependence 
Shapes Species Abundances in a 
Tropical Tree Community 


Liza S. Comita,”’* Helene C. Muller-Landau,”? Salomén Aguilar,? Stephen P. Hubbell?" 


The factors determining species commonness and rarity are poorly understood, particularly in highly 
diverse communities. Theory predicts that interactions with neighbors of the same (conspecific) and other 
(heterospecific) species can influence a species’ relative abundance, but empirical tests are lacking. By 
using a hierarchical model of survival for more than 30,000 seedlings of 180 tropical tree species 

on Barro Colorado Island, Panama, we tested whether species’ sensitivity to neighboring individuals 
relates to their relative abundance in the community. We found wide variation among species in the 
effect of conspecific, but not heterospecific, neighbors on survival, and we found a significant 
relationship between the strength of conspecific neighbor effects and species abundance. Specifically, 
rare species suffered more from the presence of conspecific neighbors than common species did, 
suggesting that conspecific density dependence shapes species abundances in diverse communities. 


n understanding of the causes of com- 
monness and rarity in ecological com- 
munities is essential for determining how 
communities are structured and for designing 
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effective strategies for biodiversity conservation 
(J-3). However, such understanding has eluded 
scientists (3—5), particularly in highly diverse 
communities such as tropical forests (6), where 
hundreds of species coexist with abundances that 
vary by several orders of magnitude. In these 
communities, individuals that are surrounded by 
neighbors of the same species (that is, conspe- 
cifics) often exhibit lower growth and survival 
(7-11). This phenomenon is attributed to shared 
natural enemies or strong intraspecific competi- 
tion for resources (/2, 13). Many studies have 
emphasized the importance of such negative 
density dependence (NDD) for species coexistence 


(/4-17), yet little attention has been paid to 
variation among species in the strength of NDD 
experienced and the possible consequences of that 
variation for determining species abundances (//). 

The strength of NDD that is experienced by 
a species, defined here as the degree to which an 
individual’s probability of survival is reduced by 
the addition of a conspecific neighbor, could, in 
theory, be positively or negatively related, or un- 
related, to species abundance in natural com- 
munities. First, rare species may be rare because 
they suffer more when local densities are high 
(/J), resulting in a positive relationship between 
the effect of conspecific neighbors and species 
abundance in the community (that is, more- 
common species are less negatively affected by 
conspecifics). Alternatively, rare species may occur 
at densities that are too low to sustain viable 
populations of specialist enemies (/8) and thus 
may be less affected by density dependence than 
more-common species are (/9). Another possi- 
bility is that the strength of NDD varies among 
species but shows no relationship to species 
abundance in the community. Species abundance 
is influenced by a number of factors, including 
habitat affinity (2), regeneration requirements 
(20), and resource use (2/), which could over- 
ride the effect of NDD on abundance. Landscape- 
scale processes, such as predator satiation and 
long-distance seed dispersal (22, 23), may further 
decouple the relationship between species abun- 
dance and NDD, which typically acts over smaller 
spatial scales [<30 m (//)]. 

To evaluate these competing hypotheses, 
we used a hierarchical Bayesian approach (24) 
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to analyze recently collected data from 20,000 
1-m’ seedling plots in the lowland tropical forest 
of Barro Colorado Island (BCI), Panama. We spe- 
cifically evaluated how survival was influenced 
by the density and identity of neighboring seed- 
lings and trees. A key challenge in quantifying 
interspecific variation within diverse plant com- 
munities is that many species occur at extremely 
low densities, making it infeasible to collect suf- 
ficient data for meaningful statistical analyses at 
the species level for most species (25). Previous 
studies of density dependence have dealt with this 
by limiting analyses to the most abundant species 
in the community [for example (/5, /6)] or lump- 
ing species into broad functional groups [for 
example, (8)] or abundance classes [for example, 
(/1)]. In contrast, our hierarchical (that is, mixed 
model) approach allows us to quantify the distri- 
bution of density-dependent effects and their rela- 
tionship to abundance across the entire community, 
including rarer species, while properly accounting 


for differences in sample size, and thus confidence 
(25), among the 180 tree species encountered. We 
used a two-level hierarchical model in which in- 
dividual survival is a species-specific function of 
the density of conspecific and heterospecific 
neighbors, and species-level parameters are func- 
tions of species abundance in the community (26). 
We also included shade tolerance as a species-level 
covariate in the model, because shade tolerance 
may influence both species abundance and the 
strength of NDD in tropical tree communities (27, 28). 
In this way, we not only quantified the strength and 
variation of NDD for the community but also tested 
whether variation in the effect of neighbors among 
species 1s related to differences in relative abundance 
or life-history strategy (specifically, shade tolerance). 

We found significant variation in the strength 
of NDD among tree species in the BCI forest 
(Fig. 1). At the community level, both conspe- 
cific seedling and conspecific adult neighbors 
had a significant negative effect on the probabil- 
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Table 1. Coefficient means (+1 SD) from the hierarchical Bayesian model of seedling survival. 
Survival was modeled as a function of the density of neighboring conspecific (CON) and het- 
erospecific (HET) seedlings (S) and adult tree basal area (BA). The probability of survival (p) for a 
seedling of species j in plot k was modeled as logit(pjx.) = Bo; + Ba; x CONS; + Ba; x HETS;, + Bs; x 
CONBAyx + Ba; x HETBA; + dy, where dd, is a random effect for seedling plot. Values for each 
parameter (8,,) varied among species, and were modeled as functions of size-weighted species 
abundance (ABUND) and shade tolerance (SHADE), where Bry = Ymo + Ym1 X ABUND; + Ym2 x 
SHADE,. Means were calculated from posterior distributions. Bold values are significantly different 
from zero (based on 95% credible intervals). Species information and species-specific estimates are 


presented in tables $1 and S2. 


Survival model parameters 


Species-level predictors 


Intercept (yo) 


Abundance (y,) Shade tolerance (y2) 


Intercept (Bo) 

Conspecific seedling effect (8) 
Heterospecific seedling effect (B) 
Conspecific adult effect (B3) 
Heterospecific adult effect (84) 


—1.464 (0.285) 
—0.133 (0.036) 
0.005 (0.006) 
-0.150 (0.037) 
0.006 (0.001) 


0.120 (0.146) 
0.045 (0.019) 
—0.004 (0.003) 

0.032 (0.019) 
—0.001 (0.001) 


0.598 (0.141) 
—0.029 (0.016) 
0.013 (0.005) 
0.008 (0.023) 
0.001 (0.001) 
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ity of seedling survival (Table 1). The strength 
of conspecific neighbor effects varied widely 
among species but was overwhelmingly nega- 
tive (Fig. 1, A and B, and table S2). In contrast, 
effects of heterospecific seedling and adult neigh- 
bors were close to zero, with community-level 
means weakly positive (Fig. 1, C and D, and table 
S2). Compared with the variation in conspecific 
neighbor effects, heterospecific neighbor effects 
varied little among species (Fig. 1). Thus, our re- 
sults suggest a limited role for heterospecific den- 
sity in driving pattems of seedling survival, although 
heterospecific neighbors may have stronger ef- 
fects at later life stages. 

A significant portion of the variation among 
species in conspecific neighbor effects was 
explained by species abundance in the commu- 
nity. The effect of conspecific neighbors on sur- 
vival was significantly and positively related to 
species abundance, with less-common species 
experiencing stronger NDD (Table | and Fig. 2). 
This relationship was found for both seedling and 
adult neighbors, with stronger statistical support 
at the seedling stage (Table 1). In principle, these 
relationships might be driven by shade tolerance, 
because light-demanding species are expected to 
be both rarer and more vulnerable to natural en- 
emy attack than shade-tolerant species are (29). 
However, we found that species shade tolerance 
explained little of the variation in the strength of 
conspecific neighbor effects (Table 1). Conversely, 
effects of heterospecific neighbors were not related 
to species abundance in the community but were 
related to shade tolerance (Table 1), which is con- 
sistent with the fact that light-demanding species are 
more sensitive to shading by neighbors. Thus, our 
results indicate that species interactions with con- 
specific, but not heterospecific, neighbors influence 
species relative abundance, and this relationship is 
not explained by variation in species shade tolerance. 

In the BCI tree community, species abundances 
range over more than four orders of magnitude 
(table S1). Our results indicate that this variation 
can be explained, in part, by variation in the 
strength of NDD experienced by species. These 
results suggest that local-scale density depen- 
dence constrains a species’ abundance in a com- 
munity and that these constraints vary among 
species. In our system, the most common species 
are those whose seedling survival is minimally 
affected by the local density of conspecific neigh- 
bors. In contrast, species having a strong impact on 
themselves typically occur at lower abundances. 

Negative conspecific effects have been linked 
to abundance in a previous study of native and 
invasive species in a temperate old field (a post- 
agriculture successional community) (30), in which 
abundance was negatively related to the rate and 
degree to which species accumulated host-specific 
pathogens in the soil. Our results indicate that the 
extent to which species inhibit their own regener- 
ation shapes species abundances not only during 
succession and invasion, but also in intact sys- 
tems. In addition, given that previous studies of 
NDD have typically focused on the most common 
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Fig. 2. The mean strength 
of conspecific NDD ex- 
hibited by individual tree 
species on BCI (points; ver- 
tical gray lines show +1 SD) 
is significantly related to 
size-weighted species abun- 
dances in the 50-ha Forest 
Dynamics Plot. The overall 
relationship fitted by the 
hierarchical Bayesian mod- 
elis strongly positive (black 
line), indicating that rare 
species experience stron- 
ger density dependence 
than common species do. 


0.1 


Conspecific seedling neighbor effect 


species in the community, which we show exhibit 
the least NDD, our results indicate that past 
studies probably underestimated both the vari- 
ation and the mean strength of density depen- 
dence in plant communities. 

The mechanisms underlying the observed 
NDD are an important area for future investiga- 
tion. In tropical forests, negative effects of con- 
specific neighbors are commonly thought to result 
primarily from density-dependent, host-specific 
natural enemies (/2, /3), with several studies 
suggesting that soil pathogens play a key role at 
the seedling stage (23). Recent field and growing- 
house experiments on a subset of the species 
analyzed here found that soil pathogens were key 
drivers of density dependence, with a significant 
relationship between species sensitivity to nega- 
tive plant-soil feedbacks and species abundance in 
the forest (37), which is consistent with the results 
presented here. Strong intraspecific competition 
for shared resources could, in theory, also con- 
tribute to density dependence, but probably plays 
a small role in explaining the patterns we found, 
because competition between seedlings has been 
shown to be weak or nonexistent in tropical 
forests (32). Within communities, differences 
among species in vulnerability to natural enemies 
could relate in part to the degree to which species 
are well adapted to the local environment; that is, 
species at the edge of their habitat tolerances may 
be more vulnerable to or less able to recover from 
attack. Regardless of the specific mechanisms 
operating, the clear negative effect of conspecific 
neighbor densities across the community empha- 
sizes the importance of local-scale interactions in 
driving spatial patterns of survival and shaping 
species abundances in tropical forests. 

The significant variation in NDD among 
species reported here and its relationship to 
abundance suggest that theoretical models of plant 
communities should incorporate this asymmetry. 
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Current models that include NDD almost in- 
variably assume that it is identical in strength across 
all species (33). One such model, the symmetric 
density-dependent neutral model (34), nonetheless 
succeeds in providing a good fit to the species- 
abundance curve for the BCI tree community and 
other tropical forests, but recent studies show that 
fits to species abundance distributions are not 
strong tests of theoretical models, because models 
with different underlying mechanisms can provide 
equally good fits (2/7, 35). That we found the 
strength of NDD to be related to species abun- 
dance confirms that the variation in NDD is not 
only statistically significant but also biologically 
meaningful. This underscores the need to incor- 
porate species asymmetry into future theoretical 
efforts (33). Understanding of the processes 
structuring diverse communities may be better ad- 
vanced by shifting focus away from the shape of 
the species-abundance curve to assessing what 
determines the position of species on the curve (35). 

Our results also have important implications 
for biodiversity conservation. Understanding the 
drivers of species abundance is critical for identify- 
ing and protecting rare species that have an inher- 
ently higher risk of extinction (2). Previous efforts 
to identify key traits that correlate with species 
rarity have had limited success (3, 5). The results 
here suggest that such studies should look beyond 
morphological and physiological traits to include 
species sensitivity to biotic interactions, name- 
ly, the degree to which species inhibit their own 
regeneration. 
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Since the collapse of the pelagic fisheries off southwest Africa in the late 1960s, jellyfish biomass has 
increased and the structure of the Benguelan fish community has shifted, making the bearded goby 
(Sufflogobius bibarbatus) the new predominant prey species. Despite increased predation pressure and a 
harsh environment, the gobies are thriving. Here we show that physiological adaptations and antipredator 
and foraging behaviors underpin the success of these fish. In particular, body-tissue isotope signatures 
reveal that gobies consume jellyfish and sulphidic diatomaceous mud, transferring “dead-end” resources 


back into the food chain. 


on the southwest coast of Africa has his- 

torically been one of the world’s most 
productive ocean areas, supporting industrial- 
scale fisheries (/, 2). However, overexploitation 
coupled with unfavorable environmental condi- 
tions drove the collapse of the sardine fishery in 
the late 1960s (3, 4). Loss of the filter-feeding 
sardine (Sardinops sagax) changed the structure 
and function of the ecosystem, and it became dom- 


T= northern Benguela upwelling system 
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Fig. 1. Acoustic record 
(at 38 kHz) (A) showing 
gobies ascending from 20; 
the sediment in the after- 
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inated by jellyfish, bearded goby (Sufflogobius 
bibarbatus), horse mackerel (Trachurus trachurus 
capensis), and hake (Merluccius capensis) (5). The 
massive increase in jellyfish biomass after the col- 
lapse (2, 6) has been regarded as a trophic dead end 
(7). The loss of the sardine has forced many higher 
trophic animals, including predatory seabirds, 
mammals, and fish, to switch to feeding almost 
exclusively on the bearded goby (3, 8, 9). Thus, the 
bearded goby has come to play a key role in the 
food web of northern Benguela [(8, 5) and see also 
figures 8 and 9 of (5)]. Paradoxically, despite in- 
creased predation pressure, the goby population 
thrives, but the reasons for this have remained 
obscure. 

The gobies live in a hypoxic environment. As 
in other nutrient-rich upwelling areas, high pro- 
ductivity along the inner shelf area has created 
extensive diatomaceous mud belts, where intense 
decay processes create hypoxic conditions, with 
high concentrations of hydrogen sulphide (H2S) 
and methane in the sediment surface layers (/0). 
Sediments in these hypoxic conditions (<1 uM 
dissolved oxygen, which corresponds to <0.4% 


ascent. The vessel was sta- 120- 2.7 
tionary during the acoustic 


Time——> 
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oxygen saturation at 12C°) cover over 8944 km? 
and represent 50% of the shelf area (//). 7000 
km? are sulphidic (/2) and can be dominated by 
white mats of large sulphide-oxidizing bacteria 
(73) and chemolithotrophic bacteria (/2). Diffu- 
sion and methane-driven ebullition of H2S gas 
from the sediment have been involved in massive 
killing events of fish and invertebrates (10, 14, 15). 
For the Benguela upwelling system, sulphidic 
water column conditions can be dated back to the 
early 1900s (/5, 6), but their frequency seems to 
have increased in the past three decades (/7). One 
of the unresolved questions is how the inhos- 
pitable benthic conditions, ranging from hypoxic 
to anoxic, link with and affect the pelagic eco- 
system, and what role hypoxic-tolerant fish play 
in the transfer of energy from the biogeochemical 
cycle in the bottom sediments to the pelagic food 
web [(/8), p. 12]. 

We conducted a cross-shelf survey off Namibia 
in April 2008 (23°20'S, 14°12’E to 23°40'S, 
13°15’E). We combined direct ecosystem obser- 
vations made with acoustic methods, trawl sam- 
pling, and environmental data from the water 
column and sediments with onboard controlled 
experiments on the behavior and physiology of 
S. bibarbatus (19). We further analyzed diurnal 
and depth variations in the stomach contents of 
bearded gobies and used stable isotope analysis 
on goby muscle and its potential prey species 
(19). This multidisciplinary approach allowed us 
to determine diel movement and feeding patterns 
for the bearded goby and its trophic links with 
other organisms, and to obtain evidence for its 
behavioral and physiological adaptations. 

An acoustic transect across the shelf revealed 
a layer apparently void of life, extending from the 
bottom up to 20 to 60 m above the bottom (fig. 
S1). This empty pocket corresponds with water 
masses having oxygen levels below 10%. Envi- 
ronmental data showed a gradually decreasing 
temperature and oxygen level from the surface to 
the bottom (fig. S2; O, is also indicated in Fig. 1, 


observations; therefore, many echoes were returned from each fish, depicted by lines. The average oxygen level is given at 10-m depth intervals. Temperature decreased 
gradually from 18°C at the surface to 13°C above the bottom. 
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A and B). The highest densities (average catch, 
40 kg/hour) of S. bibarbatus occurred over the 
inner shelf, where the seabed is a thick layer of 
diatomaceous mud characterized by millimolar 
concentrations of total sulphide (1 to 2 mmol) in 
the topmost 3 cm [(//) and fig. S3]. Here, oxygen 
levels were very low (4.7% oxygen saturation), 
and no other vertebrates were present. Acoustic 
measurements (Fig. 1, A and B) and trawls, how- 
ever, confirmed that S. bibarbatus were on the 
seabed during daylight hours, as has previously 
been shown by video photography [(20) and 
fig. S4]. 

Acoustic and trawl data showed that gobies 
ascend from the bottom in the evening to join an 
existing acoustic scattering layer (SL) in the water 
column (Fig. 1A) and then return to the bottom in 
the early morning (Fig. 1B) (79). The pelagic SLs 
were dominated by two species of large jelly- 
fish [Aequorea forskalea and Chrysaora fulgida 
(= hysoscella)| whose biomass is currently es- 
timated to exceed that of finfish off Namibia (2). 
S. bibarbatus are found significantly more often 
with jellyfish than other fish species are [data 
from >11,000 samples of pelagic fish landings at 
Walvis Bay, 1991-2006 (Kruskal-Wallis test, 
H = 18.18, P = 0.001, n = 40 observations)], 
and they are six times more often associated with 
jellyfish in commercial catches than is their pred- 
ator, the horse mackerel (Z trachurus capensis) 
(Table 1), suggesting that S. bibarbatus may 
choose to associate with jellyfish when in the 
water column. 

Goby and horse mackerel (a goby predator) 
aversion to jellyfish (C. fulgida) was examined 
by allowing individual fish to swim between two 
chambers, one with and one without jellyfish 
during 300-s trials (79). Horse mackerel strongly 
avoided jellyfish and either fled the jellyfish 
chamber within 18 + 11 s (mean + SEM) or never 
moved across the mesh divider to associate with 
jellyfish. In contrast, gobies took significantly 
(two-sided ¢ test, 7 = 14 horse mackerel and n = 13 
gobies, P < 0.001; df = 25) longer (210 + 37 s, 
mean + SEM) to leave the jellyfish chamber and 
frequently moved between the two chambers. 

Habitat choice experiments showed that go- 
bies preferred to stay on diatomaceous mud as 
compared to a sand alternative (f test on nor- 
malized arc-sine-transformed data: t = 3.29; P = 
0.0017, n = 30 individuals) (/9). We also observed 
fish burrowing into the hypoxic diatomaceous 
mud, especially if threatened or disturbed. These 
observations support the acoustic and trawl data 
showing that gobies associate with jellyfish but 
their predators do not, and also that gobies choose 
to rest on, and hide within, mud during the day. 

S. bibarbatus was found to have an extreme- 
ly low critical oxygen level {[O2]eit = 5.3 + 0.3% 
(mean + SD) of air saturation, which is the low- 
est [Oz] at which resting oxygen uptake can be 
maintained, marked with a dotted line in Fig. 2A}, 
allowing it to sustain aerobic metabolism even in 
deeper waters below the main SL where oxygen 
saturation is ~10% (Fig. 1, A and B). Although 


S. bibarbatus built up an oxygen debt during 
anoxia (Fig. 2C), probably related to lactate 
oxidation, the rate of lactate accumulation in 
the blood declined markedly after 1 hour (Fig. 
2D), suggesting metabolic depression. Meta- 
bolic depression is also indicated by a suppressed 
ventilation rate at [Oz] below [O2]ui: (Fig. 2B) 
(19). 

H,S is a respiratory poison that blocks cyto- 
chrome c (2/). The rate of oxygen consumption 
by S. bibarbatus was virtually unaffected by 100 
to 200 uM total sulphide [corresponding to 6 to 
12 uM HDS (21, 22)], although it became 98% 
suppressed at a total sulphide level of 500 uM 
(= 30 uM HS) (Fig. 2E). These physiological 
data for S. bibarbatus correspond with known 
effects on isolated mitochondria (from relatively 
sulphide-tolerant fish and mammals), in which 
[H2S] below 6 uM are found to stimulate oxygen 
consumption (probably because mitochondria use 
oxygen to detoxify H,S to thiosulphate), whereas 
HS levels above 11 to 14 uM inhibit mitochon- 
drial respiration (21, 23). Thus, S. bibarbatus pos- 
sesses a H>S-sensitive cytochrome c, and its H2S 
tolerance probably relies on anoxia tolerance, 
allowing fish to be temporarily independent of 
mitochondrial respiration through a sufficiently 
high capacity for anaerobic (glycolytic) adeno- 
sine triphosphate production, combined with 
metabolic depression. Thus. the anoxia tolerance 
of the bearded goby is extreme, surpassing that of 
other marine teleosts surveyed in a recent meta 
study (24), and allows S. bibarbatus to survive the 
very high [HS] in the mud where these fish 
forage and hide (fig. S3). 

Hypoxia may impair escape responses, making 
gobies more vulnerable to predators (25). This was 
not the case. Touching them with a lever mounted 
through the lid of the sealed aquaria caused an es- 
cape response even after 7 to 9 hours of exposure to 
oxygen levels below their [02]... and a subsequent 
4 to 5 hours in complete anoxia (n = 7 individ- 
uals) (79). Thus, anoxic gobies remain alert. 


Anoxia tolerance in S. bibarbatus and one of 
its predators, the hake M. capensis, was com- 
pared by measuring the performance of excised 
hearts (19). These experiments showed that the 
pumping capacity [heart rate times contraction 
force (26)] of both species’ hearts was reduced by 
~80% after 20 min of anoxia. After 40 min of 
subsequent reoxygenation, only goby hearts re- 
covered to pre-anoxic values, suggesting that the 
hake hearts had sustained permanent damage 
(Fig. 2F). Thus, hake are unable to tolerate the 
hypoxic seafloor, thereby providing the gobies 
with a refuge from these predators. 

Comparative analyses of the stable isotope 
composition of carbon and nitrogen of S. bibarbatus 
muscle, A. forskalea, C. fulgida, euphausiids 
(krill), and sediment show that jellyfish contrib- 
uted a minimum of 17 to 37% and a maximum 
of 40 to 60% to the diet of S. bibarbatus (Fig. 3 
and fig. S6), significantly more than did euphau- 
siids and sediment (Kruskal-Wallis test, H = 
65.34, P< 0.001) (79). Whether gobies scavenge 
on moribund jellyfish on the sea floor or feed on 
them while swimming in the SL at night is un- 
certain. However, in support of a benthic feed- 
ing hypothesis, the low stable sulfur isotope 
values of gobies as compared to those of zoo- 
plankton and jellyfish indicated that the gobies 
derive part of their diet from the sulphidic ben- 
thos (fig. S5 and table S1) (/9). The isotope re- 
sults indicated that the gobies may derive 34.2 + 
6.7% (n = 7 individuals) of their diet from the 
sulphidic benthos (fig. S7) and the associated 
sulfur-containing bacterial mats of Thiomargarita 
namibiensis and Beggiatoa spp. present on the 
benthos (/0). The benthophagy interpretation is 
supported by stomach contents analysis show- 
ing that gobies feed on benthic polychaetes (fig. 
S8) (19). 

At night, S. bibarbatus enter pelagic waters. 
This may be to reoxygenate, as recently shown 
for sprat (Sprattus sprattus) in hypoxic Norwe- 
gian fjords (27), but it may also be for digestion. 


Table 1. Temporal changes in the frequency at which the dominant species of pelagic fish were caught 
with jellyfish, expressed as monthly variation in total number of catches of each fish species together with 
jellyfish, divided by the total number of catches of the same species when jellyfish were not present. Data 
were collected from randomly selected samples of the landings of the pelagic fleet in Walvis Bay, Namibia, 
for the period 1990-2007. Only months where the total number of samples (N/) was greater than 100 are 
shown. Information for juvenile hake (M. capensis) was not available, as this species is not a routine part 


of the pelagic fishery. 


Total Sardinops Engraulis leaenurs Etrumeus Sufflogobius 
Month f trachurus ; : : 
N sagax encrasicolus 5 whitheadi bibarbatus 
capensis 
January 1066 18 23 13 22 75 
February 1757 17 26 10 19 151 
March 1982 19 28 14 20 508 
April 1749 18 18 10 14 130 
May 2088 38 27 13 35 80 
June 1113 49 124 48 103 182 
July 1038 73 131 95 147 175 
August 318 48 40 44 70 233 
Average 35 52 31 54 192 
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Fig. 2. Physiological studies on S. bibarbatus [(A) to (D) and (F)] and M. capensis (E) (19). (A) Gobies 
maintained a constant oxygen consumption rate until [O2],,; of 5.3 + 0.3% (mean + SD) of air saturation 
(~0.3 ml of O; liter™) was reached. [Oz], is the lowest [02] in which the animal is able to maintain its 
resting rate of O2 consumption (35) (n = 7 individuals). Different symbols represent individual fish. (B) 
Ventilation rate increased in response to falling water [05] until [02]... then ceased (the regression line 
was obtained by locally weighted scatterplot smoothing) (n = 7 individuals). (C) Representative trace 
showing that 3 hours of exposure to anoxia caused an oxygen debt, because post-anoxia oxygen 
consumption was increased by ~35% (n = 6 individuals). (D) Accumulation of blood lactate during 3 
hours of anoxia (03 < 0.5% air saturation). The rate of increase slowed after 1 hour, indicating metabolic 
depression. Significant differences (P < 0.05; one-way analysis of variance; Student-Newman-Keuls post- 
test) between time points are indicated by dissimilar letters. n = 33 fish in total and 3 to 6 fish at each time 
point. Values are means + SEM. (E) Oxygen consumption of gobies exposed to different sulphide 
concentrations at a normoxic oxygen level (>50% of air saturation) (n = 5 individuals). (F) Isolated, 
spontaneously contracting heart preparations of S. bibarbatus (n = 6 hearts) successfully recovered from 
20 min of anoxia, whereas hearts of its predator M. capensis (n = 6 hearts) were irreversibly damaged. 
Asterisks indicate a statistically significant difference (P < 0.05; one-way repeated measures analysis of 
variance performed on non-normalized data; Student-Newman-Keuls post-tests) from the control 
normoxic level (0%). Values are means + SEM. 
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Gut fullness was significantly higher and stomach 
contents were less digested in fish ascending from, 
than in those returning to, the sea floor (fig. S9 
and table S2, proportion odds logistic regression, 
P<0.001, 7 =75 individuals). Delayed digestion 
due to lack of oxygen is, to our knowledge, a 
previously unknown phenomenon. 

Besides polychaetes, diatoms were the most 
common item in S. bibarbatus stomachs (fig. S8). 
Because S. bibarbatus is not a filter feeder [their 
branchiospines are merely stumps and too far 
apart to filter diatoms (fig. S10)], our data suggest 
that they feed partly on the benthos taken directly 
from the sulphide-rich diatomaceous mud (figs. 
S7 and S8), similar to Gobionellus sagittula in 
the Pacific (28). Collectively, our results indicate 
that, owing to digestion suppression in hypoxic 
situations (29), gobies feed on the benthos within 
hypoxic water during the day, and then move to 
oxygen-richer pelagic waters at night, when pre- 
dation pressure is lower, to digest, and possibly 
feed on live jellies. 

The marine ecosystem off Namibia has 
witnessed a number of profound ecological and 
environmental changes since the collapse of the 
commercial pelagic fisheries at the end of the 
1960s, including a proliferation of jellyfish (2), a 
change in the fish community structure (9), a 
possible increase in hypoxia and toxic gas erup- 
tions (/7), and consequently a change in the food 
web dynamics (3). The fact that gobies feed on 
jellyfish means that the commercially harvested 
fish species off Namibia are now feeding from a 
higher trophic level than they were earlier and 
that here, at least, there is evidence of fishing up 
the food chain (30). We would expect such a shift 
in trophic relations to result in lower production 
and harvests at higher trophic levels, as has in- 
deed been witnessed in the northern Benguela 
system after the late 1960s (3/). 

Climate change will probably increase the 
inflow of hypoxic waters from the tropics and 
increase coastal upwelling (4), which in an area 
such as the Benguela could lead to an increase in 
the frequency of sulphide eruptions and anoxic 
water masses (/7), events that are expected to put 
harvested species and thus local fisheries under 
severe stress (32). Such events will relax the 
predation pressure on the bearded goby popula- 
tion. Owing to the goby’s tolerance of low oxy- 
gen and high HS levels, and their antipredator 
and feeding strategies, these fish have the pos- 
sibility of increasing their biomass. The popula- 
tion may act as a stabilizing production unit of the 
Benguela and between their predator populations 
and the ecosystem. An increase in goby biomass 
produced during severely hypoxic years will prob- 
ably be a mechanism whereby food can be stored 
within the system for harvested fish populations 
that return in years with favorable environmental 
conditions (33). 

Organisms able to tolerate such extreme con- 
ditions may be successful in many rapidly changed 
environments (34). The bearded goby, with its 
remarkable suite of behavioral, physiological, 
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Fig. 3. Isotope analyses show- 704 
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level of 5% (Tukey test, P< 
0.05; A. forskalea, n = 11; 
euphausiids, n = 6; C. fulgida 
n= 25; mud, n= 5 samples; S. bibarbatus, n = 41). 


and ecological adaptations, is already playing a 
critical role in the ecosystem off Namibia, and it 
is likely to continue to do so into the future. 
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Small Peptides Switch the 
Transcriptional Activity of Shavenbaby 
During Drosophila Embryogenesis 


T. Kondo,*?*+ S. Plaza,*** J. Zanet,?4 E. Benrabah,?* P. Valenti,>* Y. Hashimoto,”’°t 


S. Kobayashi,”’> F. Payre,”*+ Y. Kageyama?’°¢ 


A substantial proportion of eukaryotic transcripts are considered to be noncoding RNAs 
because they contain only short open reading frames (sORFs). Recent findings suggest, however, 


that some sORFs encode small bioactive peptides. 


Here, we show that peptides of 11 to 32 


amino acids encoded by the polished rice (pri) SORF gene control epidermal differentiation in 
Drosophila by modifying the transcription factor Shavenbaby (Svb). Pri peptides trigger the 
amino-terminal truncation of the Svb protein, which converts Svb from a repressor to an activator. 
Our results demonstrate that during Drosophila embryogenesis, Pri sORF peptides provide a strict 
temporal control to the transcriptional program of epidermal morphogenesis. 


tudies of eukaryotic genomes have re- 
vealed that a large proportion of genomic 
DNA produces atypical long transcripts, 
the functions of which are controversial (/—4). 


These transcripts contain only short open reading 
frames (SORFs, <100 codons) and thus are gen- 
erally considered to be non-protein-coding RNAs 
(ncRNAs). However, there is growing evidence 


that the sORFs present in some ncRNAs are actu- 
ally translated into small peptides, the abundance 
of which is probably greatly underestimated (5—7). 
Whereas sORF-encoded peptides may represent 
an overlooked repertoire of bioactive molecules 
(8), their functions and the mechanisms by which 
they operate are largely unknown. 

We and others recently identified an evolution- 
arily conserved sORF gene, referred to as polished 
rice (pri) or tarsal-less (tal) in Drosophila, and 
mille-pattes (mipt) in Tribolium (9-11). pri mRNA 
is a polycistronic transcript that encodes four sim- 
ilar peptides, 11 to 32 amino acids in length, that 
play a redundant role in Drosophila embryogen- 
esis (9, 10). Embryos that lack pri display prom- 
inent defects, including the absence of trichomes 
and aberrant tracheal architecture (9, 70). Reduced 
pri activity in imaginal development results in ab- 
normal leg morphogenesis (/0, 12). Similarly, 
mlpt knockdown in Tribolium leads to append- 
age defects and the transformation of segmental 
identity (//). 

To gain insight into the molecular function of 
Pri peptides, we focused on their role in trichome 
formation during Drosophila embryogenesis. 
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Epidermis differentiation results in a pattern of 
smooth cells and cells that form apical exten- 
sions, called trichomes (ventral denticles and 
dorsal hairs) (Fig. 1A) (73). Modifications of the 
trichome pattern that have been examined in 
insects (resulting from laboratory-induced mu- 
tations or evolutionary diversification) are so 
far all attributable to changes in expression of 
shavenbaby (svb) (14-16). Indeed, svb encodes a 
transcription factor that directly regulates the ex- 
pression of target effectors, which are collectively 
responsible for trichome formation (/7, /8). Al- 
though the absence of pri results in trichome loss, 
the expression of svb is not altered in pri mutants 
(9). Reciprocally, pri is expressed normally in svb 
mutants (9), showing that svb and pri act in 
parallel in trichome formation (fig. S1). Expres- 
sion of Svb target genes, such as miniature and 
shavenoid (17), is lost in pri mutants, whereas the 
expression of other epidermal genes is unaffected 
(Fig. 1B and S82). The activity of isolated Svb- 
responsive enhancers was also strongly reduced 
in pri mutants (fig. S3). Therefore, pri is specif- 
ically required for the transcription of Svb down- 
stream targets in trichome cells. 

How can Pri peptides regulate the expression 
of Svb target genes without affecting svb expres- 
sion? The svb locus encodes three overlapping 
protein isoforms: Svb and the germline-specific pro- 
teins OvoA and OvoB (Fig. 2A) (79, 20). Ovo/Svb 
proteins all share the same DNA-recognition and 
transcriptional-activation domains but differ in their 
N-termini (Fig. 2A). The shortest isoform, OvoB, 
is a transcriptional activator and induces trichomes 
when artificially expressed in the epidermis (Fig. 
2F) (/9). OvoA contains an extended N-terminal 
region, which switches its function toward active 
transcriptional repression and thus dominantly 
inhibits trichome formation (Fig. 2C) (19). Svb 
contains a further N-terminal extension, compared 
to OvoA, and promotes the formation of ectopic 
trichomes like OvoB (Fig. 2D) (20). To evaluate 
the specificity of Pri/Svb interaction, we examined 
the influence of pri on the different Ovo/Svb 
isoforms with respect to trichome formation. In 
wild-type embryos, seven rows of ventral cells per 
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segment express svb and form trichomes (Fig. 2B) 
(3, 15). Upon its ectopic expression in smooth 
cells, Svb [or Svb:green fluorescent protein 
(GFP)] induced supernumerary trichomes in 


REPORTS 


control embryos (Fig. 2D) but not in pri mutants 
(Fig. 2E). In contrast, OvoB (or OvoB:GFP) was 
insensitive to pri, with ectopic trichomes forming 
in both control and pri mutant embryos (Fig. 2, F 


wild-type 


nn | 


svb downtream targets 
sha mRNA mmRNA 


epidermal 
CG16885 mRNA 


Fig. 1. pri is required for the expression of Svb target genes. (A) Embryonic cuticle specimens, showing 
the two types of trichomes, ventral denticles (arrowheads and middle close-up) and dorsal hairs (bracket 
and right close-up). (B) Two Svb downstream targets, miniature (m) and shavenoid (sha) are expressed in 
trichome cells at stages 15 and 16 in wild type, but not in pri and svb mutants. As a control of pri 
specificity for Svb function, the epidermal expression of CG16885 (independent of svb) was not affected in 
pri mutants. Anterior is to the left and dorsal is to the top, except for the close-ups in (A). Scale bar, 10 tum. 
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Fig. 2. The ability of Svb to induce trichomes depends on pri. (A) Scheme of the ovo/svb locus and protein 
isoforms. Coding (CDS) and untranslated regions (UTR) of mRNAs are represented by blue and white 
boxes, respectively. The Svb-specific protein region is in turquoise; the repression, activation, and DNA- 
binding domains are in red, green, and gray, respectively. (B to G) Micrographs of ventral trichomes (A4 
segment) and illustrations of epidermal cells expressing svb (purple), ovoA (red), and ovoB (green) in 
embryos of different backgrounds. pri mRNA is widely expressed in epidermis and reinforced in trichome 
cells (fig. S1F). (B) Wild-type embryo. (C) Embryo expressing UAS-ovoA:GFP under the control of ptc-GAL4. 
(D) and (E) Embryos expressing UAS-svb:GFP under the control of wg-Gal4 in the presence (D) or absence 
(E) of pri. (F) and (G) Embryos expressing UAS-ovoB:GFP under the control of wg-Gal4 in the presence (F) 
or absence (G) of pri. Red brackets indicate ectopic trichomes. Scale bar, 10 jum. 
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and G). In the latter case, we observed only OvoB- 
induced ectopic trichomes and no Svb-dependent 


show that whereas pri has no effect on the shorter 
OvoB isoform, pri peptides specifically control 


endogenous trichomes (Fig. 2G). These results the ability of Svb to induce trichomes. 


A OvoA:GFP B OvoB:GFP Cc Svb:GFP 


control pri -/- 


pri -/- control 


control 


Fig. 3. pri regulates the subnuclear localization of Svb in living embryos. Distribution of (A) OvoA:GFP, 
(B) OvoB:GFP, and (C) Svb:GFP driven by wg-GAL4 in control (pri +/—) or pri mutant embryos at stages 11 
and 12 and stages 13 to 16. In all cases, the GFP signal was restricted to nuclei (fig. $4). Although the 
distribution of OvoA (focal) and OvoB (diffuse) was insensitive to pri, Svb switched from foci to diffuse in a 
pri-dependent manner. Scale bar, 10 um. 
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Fig. 4. Pri converts the Svb protein from a transcriptional repressor to an activator by N-terminal 
truncation. (A) Subnuclear localization of Svb:GFP in S2 cells when pri is co-expressed. 1-4FS, a full-length 
pri mRNA with frame-shift mutations in ORF1-4 (9), was used as control. Cells were stained with antibody 
to GFP (green) and anti-Svb1s (red). Nuclei are in blue. The rightmost panel is a three-dimensional 
representation of Svb nuclear distribution. (B) Transcriptional activity of OvoA, OvoB, and Svb in S2 cells. 
Luciferase activity was used as a reporter for the transcriptional activity of the Enh-m enhancer. Error bars 
represent SE, and significance against GFP/1-4F5—transfected cells was evaluated with t tests (*P < 0.05, 
**P < 0.01, #P > 0.05). (C) Distribution of Svb:PA-GFP (green) in S2 cells, before photoactivation (tO), after 
photoactivation (tO’), and after the induction of pri expression (t18h). Without pri induction, Svb:PA-GFP 
was retained in foci (pri, t18h). Red is Moesin:red fluorescent protein (RFP) used as a transfection control. 
(D) Western blots analysis of $2 cells expressing OvoA:GFP, OvoB:GFP, and Svb:GFP. Protein extracts were 
immunoprecipitated with antibody to GFP and probed with antibody to Ovo or anti-Svb1s. (E) Schematic 
representation of predicted form of truncated Svb. The N terminus of truncated Svb matches the sequence 
AAGHGR, which is located 56 amino acids upstream of the OvoB-initiating methionine (asterisk). Red 
arrows indicate the regions used to generate antibodies. (F) Ventral views of wild-type and pri mutant 


embryos stained with anti-Svb1s (red), and antibody to Miniature (green) that underlies nascent trichomes. 
Nuclei are in blue. Scale bar, 10 um. 


We next examined whether Pri peptides affect 
the synthesis or trafficking of Ovo/Svb proteins. 
Using transgenic C-terminal GFP-fusions (proven 
functional as described above), we observed that 
pri does not influence the production of Ovo/Svb 
proteins or their import to the nucleus (Fig. 3 and 
fig. S4). However, we noticed different patterns 
of their intranuclear distribution. Regardless of 
pri activity, throughout embryogenesis OvoA 
accumulated in discrete foci (Fig. 3A), and OvoB 
was distributed diffusely in the nucleoplasm (Fig. 
3B). During stages 11 and 12, before pri is ex- 
pressed in the epidermis (fig. S1), Svb formed 
intranuclear foci, like OvoA (Fig. 3C). At the 
onset of pri epidermal expression (stage 13 on- 
wards) (fig. S1), the nuclear distribution of Svb 
became diffuse (Fig. 3C). Therefore, Svb distri- 
bution changes from a pattern similar to the OvoA 
repressor to that of the OvoB activator, and the 
timing of this conversion correlates with the ex- 
pression of pri. This redistribution of Svb was 
abolished in pri mutants, in which Svb remained 
in nuclear foci throughout embryogenesis (Fig. 
3C). Thus, pri participates in the conversion of nu- 
clear distribution of Svb from punctate to diffuse. 

The nonpunctuated, diffuse nuclear distribu- 
tion of Svb in epidermal cells correlates with its 
ability to induce trichomes, suggesting that Svb 
redistribution coincides with active transcription 
of its targets. We explored this hypothesis using 
assays in Drosophila Schneider cells (S2 cells), 
which are of embryonic origin. Similarly to ob- 
servations in embryos, the nuclear pattern of Svb 
was converted from punctate to diffuse in a pri- 
dependent manner in S2 cells (Fig. 4A). We 
quantified the transcriptional activity of Svb/Ovo 
using the Enh-m enhancer, which is directly ac- 
tivated by Svb in vivo (/7) (fig. S3). OvoB strongly 
stimulated the transcription driven by Enh-m, and 
OvoA repressed transcription, both with or with- 
out pri (Fig. 4B). In contrast, Svb behaved like 
OvoA in the absence of pri, but similar to OvoB, 
activated Enh-m in the presence of Pri peptides 
(Fig. 4B). Inactivation of the Svb-binding site of 
Enh-m (1/7) suppressed this activation (fig. S5), 
indicating that pri is required for the direct acti- 
vation of Enh-m by Svb. These results demon- 
strate that Pri peptides switch the transcriptional 
activity of Svb from that of a repressor accumu- 
lated in nuclear foci to a nucleoplasmic activator. 

To explore the mechanisms by which Pri peptides 
trigger this switch in Svb intranuclear distribution, 
we examined whether Pri requires de novo syn- 
thesis of the Svb protein. Using a photoactivatable- 
GFP (PA-GFP), we observed that photoactivated 
Svb:PA-GFP switched from foci to diffuse distribu- 
tion after the induction of pri expression (Fig. 4C). 
Therefore, the same Svb molecules are relocated 
within the nucleus, suggesting that the action of Pri 
peptides relies on posttranslational modifications of 
Svb. Accordingly, Western blot analysis showed 
that whereas the size of OvoA and OvoB proteins 
(including that of their minor species) were not 
affected by pri, Svb exhibited a differential electro- 
phoretic mobility in a pri-dependent manner (Fig. 
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4D). In the absence of pri, Svb appeared slightly 
larger than OvoA, as deduced from the cDNA 
sequences (Fig. 2A). Upon pri expression, the Svb 
protein displayed a faster mobility, corresponding 
to a truncation of approximately 50 kD, without 
apparent modification in the size of svb mRNA 
(fig. S6). An antibody raised against the N-terminal 
Svb-specific region (anti-Svb1s) recognized only 
the larger Svb protein but not the truncated product 
formed upon pri expression. This truncated Svb 
protein was detected by antibodies to Ovo and 
GFP (Fig. 4, A and D, and fig. S7A), showing that 
it lacks the N-terminal region but retains an intact 
C terminus. To further characterize Svb truncation, 
we purified the truncated Svb protein and micro- 
sequenced its N-terminal end (fig. S8A). The N 
terminus of truncated Svb matches the sequence 
AAGHGER, which is located 56 amino acids up- 
stream of the OvoB-initiating methionine and 
within a protein region that shows strong evolu- 
tionary conservation in insects (Fig. 4E and fig. 
S8B). The corresponding DNA sequence displays 
synonymous nucleotide substitutions across spe- 
cies and lacks canonical or alternative initiation 
codons (fig. S8B), further supporting the view that 
Svb truncation results from a posttranslational 
cleavage. Hence, the pri-induced truncated form 
of Svb contains the DNA-binding and activation 
domains but not the repression domain, explaining 
why it acts as a transcriptional activator. 

Consistent with this idea, we observed a pri- 
dependent truncation of the endogenous Svb pro- 
tein during embryogenesis. In wild-type embryos, 
anti-Svb1s detected a transient nuclear signal in 
trichome cells, at stages 11 and 12, that disap- 
peared at later stages (Fig. 4F and fig. S7B). The 
loss of the Svb N-terminal region coincided with 
the onset of pri expression in the epidermis (fig. 
S1). Indeed, pri is required for Svb truncation in 
vivo—as revealed by the persistence of anti-Svb1s 
signal in pri mutants—throughout embryogenesis 
(Fig. 4F). We conclude that Pri peptides convert 
Svb from a transcriptional repressor to an activator 
via the truncation of its N-terminal region. 

This study demonstrates that 11— to 32- 
amino acid peptides encoded by sORFs orches- 
trate epidermal differentiation through the control 
of Svb transcriptional activity. At stages 11 and 
12, svb is already expressed and restricted to 
presumptive trichome cells, in which the full-length 
Svb repressor probably prevents the premature 
expression of cellular effectors. At stages 13 and 
14, the expression of pri in epidermal cells then 
triggers N-terminal truncation of the Svb protein, 
probably through a proteolytic release of the re- 
pressor domain, causing a rapid conversion of Svb 
function toward activation. Thus, although svb 
expression defines the spatial pattern of trichomes, 
the action of Pri peptides defines the temporality 
of trichome formation. 

Besides the mechanisms of epidermal differ- 
entiation, our studies suggest broader functions 
for Pri peptides. Although pri is also required for 
tracheal morphogenesis (9), we observed normal 
trachea in svb mutant embryos (fig. S9), indicat- 
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ing that Pri peptides probably regulate additional 
developmental factors. Recent large-scale analy- 
ses indicate that thousands of unexplored tran- 
scripts are also probably encoding polypeptides 
of less than 100 amino acids in mice and humans 
(/, 21, 7). Future functional analyses should 
elucidate how small peptides encoded by tran- 
scripts improperly termed ncRNAs contribute to 
various biological processes including develop- 
ment and differentiation. 
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Hedgehog Signaling Regulates 
Segment Formation in the 


Annelid Platynerets 


Nicolas Dray,?*} Kristin Tessmar-Raible,”?* Martine Le Gouar,’* Laura Vibert,* 
Foteini Christodoulou,? Katharina Schipany,” Aurélien Guillou,* Juliane Zantke,” Heidi Snyman,? 
Julien Béhague,?* Michel Vervoort,* Detlev Arendt,? Guillaume Balavoine?*+ 


Annelids and arthropods share a similar segmented organization of the body whose evolutionary origin 
remains unclear. The Hedgehog signaling pathway, prominent in arthropod embryonic segment 
patterning, has not been shown to have a similar function outside arthropods. We show that the ligand 
Hedgehog, the receptor Patched, and the transcription factor Gli are all expressed in striped patterns 
before the morphological appearance of segments in the annelid Platynereis dumerilii. Treatments with 
small molecules antagonistic to Hedgehog signaling disrupt segment formation. Platynereis Hedgehog 
is not necessary to establish early segment patterns but is required to maintain them. The molecular 
similarity of segment patterning functions of the Hedgehog pathway in an annelid and in arthropods 
supports a common origin of segmentation in protostomes. 


individual segment is controlled and main- 

tained by two signaling pathways operating 
across the segment: Wnt/B-catenin and Hedgehog 
(/, 2). The function of the Hedgehog (Hh) path- 
way in segment formation is conserved in other 
holometabolous insects (3) and probably also in 
noninsect arthropods (4, 5). By contrast, meso- 
dermal somites in vertebrates are patterned by 
nonhomologous segment polarity genes (6). 
Here, we investigated the role of the Hh pathway 


I: the fruit fly, the axial patterning of each 


during segment formation in an annelid repre- 
sentative of the third great branch of Bilaterians, 
Spiralians (fig. S1). The nereidid Platynereis 
dumerilii presents two phases of segment forma- 
tion: larval metamorphosis and juvenile posterior 
growth (fig. S2). Using degenerate polymerase 
chain reaction (PCR), we cloned four genes of 
the Hh pathway in Platynereis coding, respec- 
tively, for orthologs of the ligand Hedgehog 
(Pdu-hh), its receptor Patched (Pdu-ptc), the 
transmembrane activator Smoothened (Pdu-smo), 
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and the transcription factor Cubitus interruptus (or 
Gli) (Pdu-Gli) (7) (predicted primary structures in 
fig. S3, phylogenetic trees in fig. S4). Pdu-hh, 
Pdu-ptc, and Pdu-Gli are expressed in segment 
polarity-like patterns strikingly reminiscent of 
their arthropod counterparts, i.e., in ectodermal 
segmental stripes, visible before the morpholog- 
ical appearance of segment anlagen, both during 
larval (Fig. 1, A, B, D, E, G, and H, and fig. S5, A 
to F) and posterior growth (Fig. 1, C, F, and I, and 
fig. S5, G to L) [detailed descriptions in sup- 
porting online material (SOM) text]. The thin 
stripes of Pdu-hh expression are located at the 


1Centre de Génétique Moléculaire du CNRS, FRE 3144, Avenue 
de la Terrasse, 91189 Gif-sur-Yvette, France. “Max F. Perutz 
Laboratories, Universitat Wien, Dr. Bohr-Gasse 9, 1030 Vienna, 
Austria. *Developmental Biology Unit, European Molecular 


Fig. 1. Expression patterns of hh 
(A to C), ptc (D to F), and Gli (G 
to I) orthologs in Platynereis late 
trochophores (48 hpf), in early three- 
segmented larvae (72 hpf), and dur- 
ing posterior growth. All views are 
ventral except |, lateral right (Lat). 
Anterior or apical is up. Black dashed 
line, prototroch of larvae. The stomo- 
deum is delimitated by a red dashed 
circle. Larval segment anlagen are 
numbered 1 to 3. Posterior growth 
panels [post. gr., (©), (F), and (I)] 
show patterns in posterior regen- 
erates 1 week after caudal ampu- 
tation, in front of the thin segment 
addition zone (yellow dashed line). 
Scale bars, 50 um. py, pygidium. 


Biology Laboratory, Heidelberg 69117, Germany. “Institut 
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Fig. 2. Effects of mid-trochophore stage cyclopamine 
treatments on the development of Platynereis larvae. (A 
to D) Three-day larvae stained with an antibody against 
acetylated tubulin, which reveals the ciliary belts (trochae) 
(A) and (B) and the axonal scaffold of the nervous system 
(C) and (D). (A) and (B) are midbody frontal confocal sec- 
tions of Hoechst 33342—stained larvae; (C) and (D) are 2n n 2 

ventral frontal confocal sections. Scale bars, 50 um. (E to control 72 hpf cyc 15 uM 72 hpf control 72 hpf cyc 20 uM 
L) Effects of cyclopamine treatment on the expressions of 
segment polarity-like genes and Pdu-Cdx, a pygidial ecto- 
derm marker. The first and second columns show expression 
in untreated larvae and in the majority of treated larvae, 
respectively. Pie graphs show the frequencies of abnormal 
expressions with normal in blue, abnormal in red, and the 
maternal batch variability in violet where available. Small 
fractions of abnormal expressions in the untreated control 
reflect both a proportion of spontaneous abnormal develop- 
ment and the probe-dependent imperfect sensitiveness of 
the WMISH protocol. Prototroch, dashed black line and “p”; 
stomodeum, white dashed circle and “s”: 1, 2, 3, larval 
segments in (A) and (B), segmental trochae in (C) and (D); 
yellow arrows, segmental grooves; red asteriks, roots of the 
main lateral nerves; n, protonephridium; and h, head lobes. 
Red arrows, blue asterisks, and green asterisks: persistent 
mesodermal, stomodeal, or pygidial/proctodeal expressions, 
respectively. 
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anterior border of each segment (fig. S5, G and 
H), mostly in the same cells as two previously 
identified Platynereis segment polarity—like genes 
orthologous to engrailed (8) and NK4/tinman (9). 
The broader stripes of Pdu-ptc are centered on 
these Pdu-hh/en/NK4 stripes spreading on each 
side of the segment border (fig. S5, I and J), 
whereas Pdu-Gli shows a complementary pattern 
in the middle of each future segment (fig. S5, K 
and L). Pdu-smo does not show distinctive patterns 
in whole-mount in situ hybridization (WMISH) 
until the three-segmented larva, when it is expressed 
predominantly in the pharyngeal area (fig. S6). 
Real-time PCR measurements, nevertheless, show 
that Pdu-smo is expressed at low, presumably ubiq- 
uitous, levels early in trochophore development 
and that maternal mRNAs are present in fertilized 
eggs (fig. S6), similar to the early embryos of the 
fruit fly and vertebrates (0-12). 

These expression patterns suggest that the 
Hh pathway is involved in segmental patterning 
in Platynereis. However, striped expressions of 


anterior 


segmental ectoderm 


| Se oe ee Poe 


(Wa) 


Hh pathway genes appears distinctly later during 
trochophore development (fig. S5, A to F) than 
those of the previously identified Platynereis seg- 
ment polaritytike genes Pdu-en (8), Pdu-NK4, 
and Pdu-Lbx (9). Thus the Hh pathway might 
play a late role in segment formation, in shaping 
the individual segments after the specification 
of the segmental pattem by other genes. To test 
this hypothesis, we used two small molecules, 
cyclopamine (/3) and SANT-1 (/4), known for an- 
tagonizing Hh signaling in vertebrates by binding 
to Smo proteins. We defined three time windows 
for treatments (7) (fig. S7): (i) an early trochophore 
window before any component of the Hh path- 
way is distinctly expressed in stripes [20 to 30 hours 
past fertilization (hpf)]; (ii) a mid-trochophore 
window when Pdu-hh, Pdu-Gli, and Pdu-ptc are 
all expressed in stripes (32 to 48 hpf); and (iii) a 
late trochophore window (54 hpf onward) when 
striped expression for Pdu-ptc and Pdu-Gli fade, 
but still a few hours before the larva starts to 
elongate and to form externally visible segments 


posterior 


ventral 


appendages 


(Ci) 


Fig. 3. (A) Comparison of the anteroposterior extension of striped expression patterns of proven and 
presumed segment polarity orthologous genes in Platynereis and Drosophila. Segment boundaries and 
limb anlagen positions are represented with a schematic body wall section in black. Orthologous genes 
are color-coded; segment polarity—like genes specific to Platynereis are represented by gray rectangles. 
The morphogenetic actions of the diffusible Hh proteins are represented with blue arrows. A white arrow 
with question mark indicates that Hh action on the anterior parts of annelid segments is not proven in this 
study. Unlike in fly, Pdu-ptc is expressed in en- and hh-positive cells, and Pdu-Gli expression does not abut 
en- and hh-positive cells in Platynereis. (B) Comparison of expression patterns of some of these segment 
polarity—like genes in the early stages of appendage formation. The homology of annelid segments with 
arthropod parasegments implies that annelid parapodia do not correspond in embryonic position with the 
arthropod appendages, which suggests that these appendages do not share a common origin in the 


protostome ancestor. PSB, parasegmental boundary. 
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(15). Mid-trochophore treatments with increasing 
doses of cyclopamine or SANT-1 on mixed batches 
of trochophores coming from several females gave 
remarkably similar abnormal larvae (fig. S8, I and 
Il). They fail to develop properly shaped seg- 
ments at 3 days: They do not elongate properly, 
remaining ovoid in shape (Fig. 2, A and B, and 
fig. S8, IL, A to C); segmental grooves do not ap- 
pear (Fig. 2, A and B, yellow arrows), and seg- 
mental trochae (circular ciliary belts borne by 
larval segments) are reduced (fig. S8, II, D to F); 
and appendage outgrowths and chaetae do not 
appear (fig. S8, Il, A to C). In addition, the 
axonal scaffolds of the ventral nerve cord and 
segmental peripheral nervous system (Fig. 2, C 
and D, and fig. S8, I, D to F) both appear un- 
derdeveloped and disorganized. In place of the 
metameric peripheral nerves (red asterisks), an 
asymmetric proliferation of axons projecting hap- 
hazardly to the periphery forms, which indicates 
that the segmental pattern of the nervous system 
is lost. The effects of two unrelated drugs and of 
different treatment time windows on embryos sug- 
gest that the phenotypes obtained are caused by 
blocking Hh signaling (fig. S8 and SOM text). 
In particular, the phenotypes cannot be due to a 
general toxicity of the drugs, because late troch- 
ophore treatments at a time of massive prolifer- 
ation and morphogenesis cause few defects (fig. 
S8, II, G to K). We also tested the role of Pdu-smo 
on posterior segment addition by treating individ- 
uals with cyclopamine after caudal regeneration. 
One-half (12/24) of treated individuals showed 
regenerated posterior parts with fewer, abnormal- 
ly shaped segment anlagen and reduced segmen- 
tal grooves (fig. $12). 

To analyze further the effects of cyclopamine 
on the segmental pattern, we looked at the ex- 
pression patterns of the previously known seg- 
ment polarity—like genes in cyclopamine-treated 
larvae (7). To take into account a strong maternal- 
effect polymorphism in the response to cyclopamine 
(SOM text and fig. S11A), we carefully selected 
only those batches of embryos that presented 
medium and strong morphological phenotypes 
(scored in 3-day larvae) for the gene expression 
study. Expression patterns for medium strength 
morphological phenotypes are presented in Fig. 
2, E to L, and fig. S10. Complete results including 
one or two repeat experiments for each gene 
indicate that the effects of cyclopamine on gene 
expression correlate well with the strength of the 
phenotype in each same-female batch studied (fig. 
S11B). Early-trochophore cyclopamine treatment 
has no effect on the striped expressions of Pdu-en, 
Pdu-NK4, and Pdu-Lbx (figs. S10 and S11B) seen 
in 30 hpf larvae, showing that Smo does not act on 
the segmental pattern independently of the 
morphogen Hh and that the Hh pathway does 
not intervene in the initial laying of the segmental 
pattern. By contrast, mid-trochophore cyclopamine 
treatment at high dose leads to a complete or 
almost complete loss of striped expression for 
Pdu-hh, Pdu-en, and Pdu-Wntl (Fig. 2, E, F, and 
G, respectively), showing that the segmental 
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pattern is largely affected well before metamor- 
phosis. Pdu-ptc is also down-regulated (fig. S9), 
as it is observed in Ah-mutant flies (/6) and 
vertebrates lacking shh expression (17). Pdu-Gli 
(Fig. 21) stripes are mostly persistent even at high 
doses of cyclopamine. The specificity of the ef- 
fects of mid-trochophore cyclopamine treatment 
on the patterning of the segmental ectoderm is 
demonstrated by the persistence of gene expres- 
sion in tissues other than segmental ectoderm. 
Hence the expression of Pdu-en and Pdu-Lbx in 
segmental mesoderm (Fig. 2, F and K, red ar- 
rows), the stomodeal expression of Pdu-hh and 
Pdu-Wntl11 (Fig. 2, E and H, blue asterisks), and 
the pygidial expression of Pdu-Wntl1 and Pdu-Cdx 
(Fig. 2, H and L, green asterisks) are maintained, 
whereas the proctodeal expression of Pdu-Wntl is 
slightly enlarged (Fig. 2G, green asterisks). 

The effect of cyclopamine on Pdu-hh stripes 
must be indirect, if we suppose that the direct 
targets of Hh signaling are only those cells ex- 
pressing Pdu-Gli, away from segment borders. 
In Drosophila (Fig. 3), wingless (wg) expression 
is maintained by Hh signaling in the anterior com- 
partment just anterior to the en stripe, whereas wg 
signaling is necessary to maintain en and hh striped 
expression in the posterior compartment (/8). In 
Platynereis, Pdu-Wnt1, the ortholog of Drosophila 
wingless (8), is expressed just anterior to Pdu-en 
and Pdu-hh stripes on the other side of segmental 
grooves. Its strong down-regulation by cyclopamine 
(Fig. 2G) is consistent with a loop of regulation 
similar to the one known in Drosophila. Ladybird, 
the fly gene orthologous to Pdu-Lbx, is expressed 
in epidermal stripes overlapping wingless stripes in 
the anterior compartment of the epidermis and is 
positively regulated by wingless (19). By contrast, 
cyclopamine treatment in the annelid does not 
abolish completely Pdu-Lbx stripes in trochophores 
(Fig. 2K), which suggests that other factors are in- 
volved in its maintenance. Another difference be- 
tween the annelid and the fly is that Pdu-Wntl is 
not expressed in complete circular stripes in the 
trochophore (it is during posterior growth) but 
only in the lateral parapodial field (Fig. 2G). It 
was thus interesting to look at Pdu-Smo regula- 
tion of other Wnt genes potentially involved in 
segment formation. Pdu-Wntll is expressed in 
thick stripes in the posterior halves of segments 
and is strongly down-regulated by cyclopamine 
(Fig. 2H). Pdu-Wnt5 is expressed in the anterior 
halves of segments and is, in contrast, much more 
resistant to cyclopamine (Fig. 2J). 

Our work demonstrates the involvement of 
the Hh pathway in segment formation outside of 
arthropods. It contrasts with earlier studies of hh 
orthologs in annelid species (20, 21). The com- 
parison of the effect of Hh signaling inhibition in 
Platynereis and in insects [i.e., the fruit fly and 
the coleopteran Tribolium (3)] reveals extensive 
similarities. As in insects, Platynereis Hh presum- 
ably diffuses anteriorly to maintain Wnt signal- 
ing anterior to the hh-expressing cells (Fig. 3), 
which may in turn be crucial to maintain segment 
boundary gene expressions, including Pdu-hh. 


As in insects, Hh is not necessary in the initial 
setting of the segmental pattern but is required to 
maintain this pattern before the morphological 
appearance of segments. The comparison of seg- 
ment polarity gene patterns between Platynereis 
and arthropods (Fig. 3) reveals four independent 
players with remarkably similar expressions: 
engrailed, Lbx/ladybird, the Hh pathway, and 
WntlI/wingless signaling. The most likely expla- 
nation of these similarities is that these genes 
were already playing similar roles in a metameric 
protostome ancestor. The alternative explanation 
would be a parallel recruitment of these genes 
for similar functions in annelids and arthropods. 
Because they are not known to be part of a con- 
served core regulatory network or “kernel” (22) that 
might have been coopted en bloc, each gene would 
have been recruited independently, which seems 
unlikely. Altogether, these four players are ex- 
pressed in the same spatial relation across the 
annelid segment boundary as they are across the 
parasegmental boundary in arthropods (Fig. 3). 
This suggests that these two boundaries are homol- 
ogous as was proposed earlier (8). Therefore, the 
segmented exoskeleton of the arthropods must 
have evolved out of frame with the ancestral proto- 
stome segmentation (fig. $13). This ancestral proto- 
stome segmentation is nowadays “recapitulated” 
as parasegmental patterning in the embryos of ex- 
tant arthropods. 
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Chemoattraction to 


Dimethylsulfoniopropionate Throughout 
the Marine Microbial Food Web 


Justin R. Seymour,73* Rafel Simo,* Tanvir Ahmed,* Roman Stocker? 


Phytoplankton-produced dimethylsulfoniopropionate (DMSP) provides underwater and atmospheric 
foraging cues for several species of marine invertebrates, fish, birds, and mammals. However, 

its role in the chemical ecology of marine planktonic microbes is largely unknown, and there is 
evidence for contradictory functions. By using microfluidics and image analysis of swimming 
behavior, we observed attraction toward microscale pulses of DMSP and related compounds among 
several motile strains of phytoplankton, heterotrophic bacteria, and bacterivore and herbivore 
microzooplankton. Because microbial DMSP cycling is the main natural source of cloud-forming 
sulfur aerosols, our results highlight how adaptations to microscale chemical seascapes shape 
planktonic food webs, while potentially influencing climate at the global scale. 


arine plankton inhabit heterogeneous 
microscale seascapes (/) where chemical 
cues allow motile organisms to exploit 
nutrient patches (2, 3), locate mutualistic partners 
or hosts (4), and select or avoid prey (5). Dimethyl- 


sulfoniopropionate (DMSP) is a phytoplankton- 
produced solute, which can constitute up to 10% 
of total cell carbon (6). It is released into the water 
column via point source events, including exu- 
dation, grazing, and cell lysis (6). These events 
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generate submillimeter, diffusing DMSP pulses 
that may act as chemical hot spots for microbes 
that use DMSP as a source of carbon and sulfur 
(7, 8). Although DMSP represents a potent direct 
or indirect [by transformation into dimethylsul- 
fide (DMS)] foraging cue for sea urchins, coral- 
reef fish, procellariiform birds, penguins, and seals 
(9-12), its role as a chemical cue among marine 
microorganisms remains unclear. Some bacterio- 
plankton exhibit attraction to DMSP (4, /3), but 
it has also been suggested that this compound is 
involved in a grazing-deterrence mechanism in 
phytoplankton (/4, 75). These largely unresolved 
and apparently contradictory ecological functions 
of DMSP are likely to play important roles in 
global sulfur biogeochemistry. Oceanic cycling 
of DMSP into volatile DMS and the emission 
and subsequent oxidation of DMS in the atmo- 
sphere shape the atmospheric radiative balance 
by affecting the formation and albedo of clouds 
(16). Therefore, a potentially large and direct in- 
fluence of the marine biosphere on climate is ul- 
timately mediated by microbial interactions at the 
microscale. 

We studied the chemotactic behavioral re- 
sponse of seven species of marine microbes by 
using a microfluidic system (fig. S1) (17, 78) to 
create ephemeral, submillimeter diffusing patches 
of DMSP and related compounds, including DMS, 
dimethylsulfoxide (DMSO), and glycine betaine 
(GBT) (Fig. 1; Fig. 2, A to D; and fig. $2), all of 
which are ubiquitous in the pelagic ocean. The 
spatiotemporal scales of the chemical patches 
produced were congruent with release events in 
the ocean. DMS and DMSO are DMSP deg- 
radation products (6), whereas GBT is analogous 
to DMSP in chemical structure and physiologi- 
cal function (/9). Strong chemotactic responses 
toward DMSP and GBT were displayed by five 
organisms, which is consistent with the structural 
analogy between the compounds and the fact that 
they share membrane transport systems in hetero- 
trophic bacteria and some phytoplankton (7, 8). 
Positive, albeit weaker, attraction to DMS and 
DMSO occurred, in line with the observation that 
these compounds are less biologically labile than 
DMSP (6, 7). Positive responses were characterized 
by dense accumulations of cells within chemical 
micropatches, often occurring in less than 30 s 
(Fig. 2 and fig. $2). Although negligible chemo- 
tactic responses (Fig. 1 and fig. S2) or repulsion 
(e.g., Fig. 2D) were observed in some instances, 
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positive chemotaxis was observed in 74% of 
tested cases, indicating that DMSP and related 
chemicals are potent chemoattractants across mul- 
tiple trophic levels in the marine microbial food 
web. We measured the relative strength of the 
response using a chemotaxis index, Jc, that quan- 
tifies the magnitude of the accumulation of orga- 
nisms within the chemical patch, and we estimated 
the increase in integrated chemical exposure due to 
chemotaxis with an exposure index, Jp (/8) (fig. 
S3). Strong responses led to >65% enhancement 
in exposure to these compounds (Fig. 1), which, 
in the ocean, will confer a substantial advantage 
to chemotactic foragers. 

DMSP is produced by many microalgal spe- 
cies, for which it plays multiple physiological roles 
(6). On the other hand, for non—DMSP-producing 
autotrophs, uptake and assimilation of DMSP 
may represent a source of reduced sulfur (8, 20). 
We found that motile phytoplankton can use 
chemotaxis to actively seek out localized DMSP 
pulses. The chlorophyte Dunaliella tertiolecta [The 
Provasoli-Guillard National Center for Culture of 
Marine Plankton (CCMP)1320] and the prasino- 
phyte Micromonas pusilla (CCMP2709) both ex- 
hibited substantial chemoattraction to DMSP, 
reaching Jc values of 1.94 and 4.96, respectively 
(Fig. 1; Fig. 2, B and D; and fig. S2, D and E). 
D. tertiolecta was also attracted to DMS (Fig. 1, 
Fig. 2D, and fig. S2E). In contrast, the motile 
cyanobacterium Synechococcus WH8102 did not 
exhibit chemotaxis to any tested compound (/c < 
0) (Fig. 1 and fig. S2C), despite its ability to take 
up DMSP (20). The M. pusilla strain used here 
actively assimilates DMSP sulfur into macro- 
molecules (/8) and utilizes chemotaxis to increase 
its exposure to DMSP by up to 41% (Fig. 1). 
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The strong response of D. tertiolecta is in- 
triguing because [*°S]DMSP uptake experiments 
indicate that this strain does not take up or 
assimilate DMSP (/8). Instead, it cleaves DMSP 
extracellularly to produce DMS (fig. S4). This, 
along with the strong attraction toward DMS, sug- 
gests an ecophysiological requirement for DMS. 
Dunaliella sp. have been shown to photooxidize 
DMS into DMSO (2/), but in DMS-addition ex- 
periments with D. tertiolecta (CCMP1320), we 
did not observe any degradation or incorporation 
of DMS (fig. S5). Hence, in this case, an as-yet- 
undefined incentive other than sulfur incorporation 
drives chemotaxis to DMSP. Therefore, chemo- 
attraction to DMSP by phytoplankton can be driven 
by divergent ecophysiological demands: Some 
phytoplankton use chemotaxis toward DMSP to 
assimilate it; others exhibit chemotaxis before 
extracellular transformation of the compound. Fur- 
thermore, because predators are also attracted to 
DMSP patches (e.g., Figs. 2C and 3) the eco- 
logical benefits of these responses must outweigh 
the potential cost of increased exposure to grazing. 

DMSP produced by phytoplankton also sup- 
ports a significant proportion of the carbon and 
sulfur requirements of marine heterotrophic bacte- 
ria (7, 22). Between 30 and 90% of oceanic DMSP 
is metabolized by bacteria, which either de- 
methylate DMSP to assimilate part of its sulfur 
as methanethiol (MeSH) or cleave DMSP to re- 
lease DMS (7, 8, 23). We quantified the chemo- 
tactic response of the o-proteobactertum Silicibacter 
sp. (TM1040) and the y-proteobacterium Pseudo- 
alteromonas haloplanktis [American Type Cul- 
ture Collection (ATCC) 700530]. Both Silicibacter 
sp. (TM1040) and some strains of P. haloplanktis 
demethylate DMSP (24, 25). P. haloplanktis 
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Fig. 1. The strength of the attraction to pulses of DMSP and related compounds, as illustrated by the 
chemotactic index (/,), which is based on cell distributions, and the exposure index (/;), which is based on 
response speed and substrate diffusion rates (18). Both /c and /; are population-averaged quantities. The 
color code and top number in each cell describe maximum /c values observed during each experiment. 
Large positive /- indicates strong chemotactic attraction, whereas /c < 0 corresponds to lack of attraction. 
Numbers in parentheses correspond to the /; averaged over time (1 to 6 min). Where /c is large but /_ is 
small (e.g., NV. designis), organisms respond strongly but not rapidly. ASW denotes the artificial-seawater-only 
control. Gray boxes are cases where no data were acquired. 
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exhibited strong chemotaxis (/< = 3.78) toward 
high (500 uM) DMSP concentrations (Figs. 1 and 
2A), using highly directional swimming to mi- 
grate into the DMSP patch with a chemotactic 
velocity of up to 35 um s |, or 44% of the mean 
swimming speed (80 um s '). Bacterial chemo- 
tactic migration rates are typically <10% of swim- 
ming speed (26), indicating that DMSP represents 


Fig. 2. Chemotactic 
responses to diffusing 
patches of DMSP and re- 
lated compounds. Spatio- 
temporal distributions of 
(A) the bacterium P. hal- 
oplanktis, 500 uM DMSP, 
(B) the phytoplankter } 
M. pusilla, 20 uM DMSP, 
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a potent chemoattractant for this strain. In accord- 
ance with previous observations (4), TM1040 also 
exhibited positive, albeit weaker (/c = 0.80), chemo- 
taxis toward DMSP (20 and 500 uM) (Figs. 1 and 
2D, and fig. S2B). The rapid response of these 
bacterial strains resulted in increased exposure to 
DMSP by up to 66% (Fig. 1). This will impart a 
significant advantage over nonmotile competitors 
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in the environment. Such competitive interactions 
may also determine the balance of DMSP that is 
demethylated to MeSH or cleaved into DMS, in- 
fluencing ocean-atmosphere sulfur flux (7, /6). 
For microzooplankton, DMSP may be both 
a resource and an infochemical. DMSP uptake 
has been shown to supply reduced sulfur to a di- 
noflagellate grazer via both prey ingestion and 
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are given in the key). Al- 
though attraction was 
observed for many sulfur 
compounds (solid lines), repulsion also occurred (dashed line). For all cases, the pulse was released at time t = 0 at the center of the microchannel (x = 0) and had an initial 
width of 300 um. The full set of spatiotemporal cell distributions is given in fig. $1. 
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Fig. 3. Swimming behavior of O. marina in response to a 20 uM DMSP pulse. 
(A and B) Trajectories acquired (A) at f= 15 s and (B) t= 255 s, color-coded as 
follows: blue, swimming left at >85 um s~*; red, swimming right at >85 um s~*; 
green, trajectories fully within central 300 um; and gray, all others. Yellow dots 
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indicate starting points, and the gray background is the modeled DMSP 
concentration field. (C) Chemotactic velocity (i.e., inward speed), U, measured 
across the channel at t = 15 s. (D) Spatiotemporal distribution of the rate of 
change of direction relative to background value. 
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osmotrophic uptake (27). The chemical signature 
of DMSP produced by phytoplankton could also 
provide a prey cue for foragers, yet current evi- 
dence indicates that DMSP inhibits grazing by 
microzooplankton (/5). To examine this apparent 
paradox, we measured the foraging response of 
the herbivorous dinoflagellate Oxyrrhis marina 
(ICM isolate) and the bacterivorous heterotrophic 
nanoflagellate Neobodo designis (CCAP1951/1) to 
DMSP micropatches. Both species exhibited pos- 
itive chemotaxis. NV. designis displayed the highest 
levels of chemoattraction (/c = 1.40) to low con- 
centrations (2 uM) of DMSP (Fig. 1 and fig. 
S2F), presumably because of the saturation of 
chemoreceptors at high DMSP concentrations. 
O. marina exhibited chemotaxis ([c = 1.04 to 
7.59) to all tested concentrations of DMSP, DMS, 
DMSO, and GBT (Fig. 1; Fig. 2, C and D; and 
fig. S2G), with its response to DMSP the 
strongest observed among all cases tested (/c = 
7.59). O. marina showed pronounced shifts in 
swimming behavior, migrating into DMSP patches 
with chemotactic velocities of up to 135 ums |, or 
35% of the mean swimming speed (330 um s ') 
(Fig. 3, A to C), and doubling turning rates once 
inside the patch to retain position within it (Fig. 3D). 
These chemotactic responses by O. marina 
are difficult to reconcile with the hypothesis that 
DMSP is used by phytoplankton in a chemical de- 
fense system against this species (14, /5, 28). 
This view was derived from observations that bulk 
additions of 20 uM DMSP reduced grazing rates 
of O. marina on the DMSP-producing phyto- 
plankton Emiliana huxleyi (15). In light of the 
strong attractive responses observed here, we alter- 
natively propose that O. marina might utilize 
DMSP as a prey cue. This is consistent with ob- 
servations that viral infection of E. huxleyi, which 
will augment DMSP release, increases grazing 
rates by O. marina (29). We suggest that in pre- 
vious grazing experiments (/5), bulk additions of 
DMSP obscured the microscale chemical signa- 
ture of individual phytoplankton cells by saturat- 
ing the system with signal molecules, masking 
the position of cells, and reducing grazing rates. 


Fig. 4. Chemical micropatch A © 
diffusion dynamics. (A) Spatio- 
temporal variation of the DMSP 
concentration (uM) following the oO 
lysis of a 5-um radius phyto- a 
plankton cell. Distance from the 
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Bulk seawater concentrations of DMSP are 
typically in the nanomolar range (30), whereas 
phytoplankton internal concentrations can exceed 
100 mM (6). Thus, DMSP concentrations will be 
orders of magnitude higher than background with- 
in microzones surrounding individual phyto- 
plankters that leak DMSP because of cell damage 
or lysis (Fig. 4, A and B). In our experiments, ini- 
tial concentrations rapidly decreased as patches 
diffused (Fig. 4C), so that concentrations in the 
microchannel paralleled those expected around 
cells in the environment. Phagotrophic grazers re- 
sponded to pulses with lower DMSP concentrations 
(2 uM) than were detected by heterotrophic bacteria 
(20 to 500 uM), potentially allowing grazers to 
respond from greater distances. A 0.1 LM sensitivity 
will allow a grazer to detect a stressed, or virus- 
infected (29), phytoplankton cell exuding DMSP 
from 50 um away (Fig. 4B). At the chemotactic 
velocities observed here, O. marina can cover this 
distance in <0.5 s. In contrast, one-tenth the sen- 
sitivity (1 uM) will hardly allow bacteria to detect 
exuding phytoplankton (Fig. 4B). However, it en- 
ables them to detect the lysis of a DMSP-producing 
phytoplankton cell from >150 um away and for a 
total time of >15 s (Fig. 4A), which permits uptake 
of the DMSP-rich cell lysis products. Therefore, 
the ecological role of chemotaxis toward DMSP 
may vary between microorganisms. Foraging mi- 
crozooplankton could use DMSP chemotaxis as a 
searching tool to hone in on prey from tens of 
micrometers away, whereas bacteria might use it to 
maintain close associations with phytoplankton 
cells (4) or to exploit cell lysis events (29, 3/). 

These findings imply that DMSP and related 
compounds are pervasive chemical cues that 
drive microbe-microbe interactions within the ma- 
rine microbial food web and thus extend the 
importance of these infochemicals from macro- 
organisms (9—/2) to microorganisms. In nature, 
the chemotactic responses demonstrated here may 
boost DMSP consumption rates by supporting 
algal-bacterial mutualism and could enhance 
DMS production by increasing both microbial 
exposure to DMSP pulses and grazing rates on 
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pulses rapidly diffused to considerably lower values. Colors show the computed reduction factor 
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DMSP-producing prey. These are key regulating 
processes for ocean-atmosphere DMS flux. This 
portends that microbial behaviors, played out over 
microscale chemical landscapes, shape planktonic 
food webs while potentially influencing climate 
at global scales. 
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The TSQ Quantum XLS is a triple quadrupole gas chromatography mass spectrom- 
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tory productivity for quantitative analysis. It features the innovative Thermo Scien- 
tific DuraBrite IRIS high sensitivity ion source, which ensures high sensitivity in the 
low femtogram range, high quantitative precision at trace levels, and uninterrupted 
operation for increased productivity. Highly inert and exchangeable ion volumes al- 
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MICROSCALE HPLC 

The ExpressLC-Ultra is a microscale high performance liquid chro- 
matography (HPLC) system that runs at column pressures up to 
10,000 psi, allowing the use of sub-2-micron particle columns. Along 
with a new ultraviolet (UV) detection system, the instrument deliv- 
ers all the advantages of microscale LC, including solvent savings, 
reduced sample requirements, and reduced frictional heating. The 
new system's charge-coupled device UV detector works with mi- 
crofabricated flow cells to ensure ultrahigh sensitivity with no band 
broadening. The ExpressLC-Ultra’s high UV sensitivity allows detec- 
tion of impurities at levels as low as 0.05 percent, meeting the needs 
of researchers in drug discovery and many other applications. The 
system incorporates Eksigent’s Microfluidic Flow Control technol- 
ogy to generate accurate and reproducible flow rates from 1 to 50 
microliters per minute. 
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FRACTIONATION KITS 

A new line of cartridge kits is available for the Gelfree 8100 Fraction- 
ation System. The fractionation kits provide research scientists with 
the ability to perform molecular weight-based fractionation with liq- 
uid-phase recovery over various target mass ranges. The Low Mass 
Target Kit is tailored to provide maximum separation resolution of 
proteins with a molecular weight less than 60 kDa, which is useful in 
the area of top-down protein analysis using mass spectrometry. The 
Mid Mass Cartridge Kit provides separation across the mass range 
of 3.5 kDa to 150 kDa, which spans over 95 percent of the predicted 
proteome of most biological systems. The High Mass Cartridge Kit is 
designed for targeted enrichment of intact biotherapeutics, provid- 
ing resolution in the mass range of 60 kDa to 300 kDa. 
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ULTRA HPLC 

The Nexera ultrahigh-performance liquid chromatography (UHPLC) 
system, which delivers high-speed and high-resolution analysis 
without sacrificing basic performance parameters such as preci- 
sion, nearzero carryover, linearity, stability, and ruggedness. These 
attributes enable Nexera to provide superior performance in various 
fields, covering high-resolution and high-speed separation as well as 
high-sensitivity detection. The system is optimized to enable analy- 
sis at pressures up to 130 MPa. The maximized pressure over a wide 
flow range enables various types of analyses, including micro LC to 
conventional LC, regular pressure LC to ultrahigh-pressure LC, and 
isocratic LC to ternary high-pressure gradient and multidimensional 
LC. The system is also suitable for LC-mass spectrometry applica- 
tions. 
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MASS SPECTROMETRY SYSTEM 

The TripleTOF 5600 System is a fast and sensitive high-resolution 
mass spectrometer for high-performance qualitative and quantita- 
tive analysis. The instrument combines the quantitative capabilities 
typically associated with triple quadrupoles with the qualitative ca- 
pabilities of a high-resolution, accurate-mass system. It is designed 
to enable new and better ways for scientists to conduct mass spec- 
trometry experiments for a broad range of life science applications, 
such as discovering new drugs, detecting biomarkers, and aiding in 
food safety and environmental analysis. The system's innovations in- 
clude the fast SmartSpeed 100 Hz Acquisition, the Accelerator TOF 
Analyzer for high-resolution data at high speed and sensitivity, and 
EasyMass Accuracy to achieve stable mass accuracy without con- 
tinuous user calibration. 
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